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Our nation is in critical need for durable and safe infrastructure. Conventional structural materials, such as
reinforced concrete and steel, are vulnerable to various hazards and environmental conditions. Traditional
construction methods are time-consuming, costly, and disruptive to the public. The concrete-filled fiberreinforced polymer (FRP) tube (CFFT) system has been widely studied as a durable alternative design for
columns. A CFFT consists of two primary components: the prefabricated FRP tube and the concrete core.
CFFTs eliminate the need for scaffolding, framework, and form removal, which leads to cost savings and
simplified construction. While unreinforced CFFTs are attractive for their ease of construction, their limited
energy dissipation capabilities restrict their use as structural components in areas subjected to extreme
loadings, such as seismic and blast. Research has shown that utilizing metal reinforcement in the concrete
core provides the energy dissipation characteristics required for resisting extreme loads. However, the
construction complexity associated with the addition of rebar discourages the implementation of this
system.
In a novel approach, this study proposes and investigates the structural performance of CFFTs with a hybrid
glass/steel fiber reinforced tube. This hybrid CFFT (HCFFT) system integrates the required metal
reinforcement into the FRP shell in the form of 30-micron fibers. This study details a four-phase approach
to understand the manufacturing, design, and large-scale performance of this system under a variety of
loading conditions. First, a series of axial tests were conducted to investigate the effect of the glass filament
winding angle on the confinement effectiveness of the FRP shell. These results informed the design of the
flexural test specimens. The four-point bending tests in phase two compared the performance of CFFT and
HCFFT specimens. The effect of bond between the core and the shell was indirectly investigated. In the
third phase, the feasibility of a steel beam to CFFT column connection is investigated. A connection detail
is proposed and experimentally evaluated, and a capacity formulation is presented. Finally, phase four
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details the design considerations for the experimental evaluation of large-scale HCFFT columns under a
constant axial load and cyclic lateral loading.
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1 Background & Motivation
1.1

Introduction

Fiber-reinforced polymers (FRP) have become increasingly common in structural applications
over the last two decades. FRPs originally became popular in civil engineering as repair and retrofit
material for reinforced concrete bridge columns. In this application, columns are wrapped with an
FRP jacket consisting of horizontal fibers to increase confinement [1]. Mirmiran and Shahawy [2]
showed that this wrapping technique improves strength and resistance to corrosion. Parallel studies
on concrete-filled steel tubes (CFST) showed improvements in the strength and ductility of
columns due to the confinement provided by the steel tube. Mirmiran and Shahawy [3] investigated
replacing the steel tube with an FRP tube to confine the concrete, resulting in a new composite
system comprised of a concrete-filled FRP tube (CFFT). This CFFT system extended the benefits
of FRP wrapping to new construction, and provided a solution to the corrosion susceptibility of
reinforced concrete (RC) in bridge substructures [4].
A CFFT consists of two primary components: the prefabricated FRP tube and the concrete
core. The exterior shell protects the concrete from exposure to harsh environments and simplifies
construction by eliminating the need for formwork and scaffolding. The CFFT system for new
construction has been extensively studied by many researchers. Early studies focused on the
confinement effect of the shell as it was shown to differ from that of traditional transverse steel
reinforcement [5-9]. Axial compression and four-point bending tests were conducted to prove the
feasibility of the system for both compression and flexural members and establish analytical
models and initial design formulations for implementation [10-12]. Numerous studies were
conducted on combined axial load and bending to formulate axial load-bending moment
interaction curves [11,13-15]. This abundant body of research led to the 2012 American Association
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of State Highway Transportation Officials (AASHTO) LRFD Guide Specifications for Design of
Concrete-Filled FRP Tubes for Axial and Flexural Members, which provides design guidelines for
CFFTs. Since conception, CFFTs have been employed as marine piles and considered for use in
many different civil engineering applications including poles and overhead highway signs, bridge
piers, girders, and columns [16-19].
The body of literature suggests that using CFFTs for new construction may provide
improved performance compared to traditional reinforced concrete columns. However, previous
research suggests that CFFTs with an unreinforced concrete core provide limited energy
absorption since the tube contains only elastic fibers such as glass or carbon [14,20,21]. The limited
energy dissipation capabilities of unreinforced CFFTs restrict their use as structural components
in areas subjected to extreme loadings, such as seismic and blast. Research has shown that utilizing
metal reinforcement in the concrete core provides the energy dissipation characteristics required
for resisting extreme loads. However, the construction complexity associated with the addition of
rebar has discouraged the implementation of this system.
In an effort to combine the ease of construction of unreinforced CFFTs with the benefits
of metal, this research proposes a novel CFFT system where the steel reinforcement is integrated
in the composite shell in the form of small-diameter fibers. The proposed metal/non-metal fiber
reinforced shell is anticipated to address the shortcoming of conventional CFFTs in terms of
energy absorption. This hybrid glass/steel composite integrates the unique energy dissipation
capability of steel material, the excellent strength-to-weight ratio of glass fibers, and the
exceptional durability of polymeric resins to improve mechanical performance and durability of
CFFT columns. The hybrid FRP shell was manufactured by adding layers of longitudinal steel
fibers between the layers of glass fibers during the filament winding procedure. Filament winding
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is a commonly used manufacturing method for FRP tubes. The manufacturing techniques for
commercially available filament wound tubes for piping were adapted to form the hybrid shells.
Similar off-the-shelf pipes have been used in several research studies for the construction of CFFT
systems [22-25]. These pipes have glass fibers oriented at ±55° with respect to the longitudinal axis.
Literature suggests that a fiber angle of ±55° provides both flexural and shear strength, as well as
confinement for the concrete core.
This collection of work aims to fill a gap in knowledge on the performance of HCFFT
members and promote the application of HCFFT columns for bridge and building construction. It
is anticipated that the results and observations of this research will inform future studies on hybrid
composites as a promising class of construction materials for use in civil infrastructure.
1.2

Scope of Work

This study details a four-phase approach to understand the manufacturing, design, and large-scale
performance of this system under a variety of loading conditions. First, a series of axial tests were
conducted to investigate the effect of the glass filament winding angle on the confinement
effectiveness of the FRP shell. These results informed the design of the flexural test specimens.
The four-point bending tests in phase two compared the performance of CFFT and HCFFT
specimens. The effect of bond between the core and the shell was indirectly investigated. In the
third phase, the feasibility of a steel beam to CFFT column connection is investigated. A
connection detail is proposed and experimentally evaluated, and a capacity formulation is
presented. Finally, phase four details the design considerations for the experimental evaluation of
large-scale HCFFT columns under a constant axial load and cyclic lateral loading.

3

1.2.1 Investigation on Effect of Fiber Angle
A majority of past studies on CFFTs focused on columns with fibers aligned in the hoop direction.
While fibers aligned in the hoop direction provide excellent confinement under concentric axial
load, off-axis fibers allow the shell to contribute to both the longitudinal and hoop strength [14].
However, few studies have been conducted on the axial performance of CFFTs constructed with
filament wound tubes with off-axis fibers. While a range of fiber angles have been investigated,
there is not an experimental or analytical study that determines a minimum effective winding angle
in terms of confinement for CFFTs. This research aims to close a gap in knowledge on the
threshold angle for filament wound FRP tubes to provide confinement to the concrete core in
CFFTs. This information is critical as it allows for evaluating the use of prefabricated FRP tubes
for CFFTs, which further reduces the construction complexity of this system. An approach for
determining the minimum effective angle using laminate theory is introduced and evaluated
experimentally by testing CFFTs with winding angles above or below the threshold.
Recommendations for minimum winding angles for CFFTs with various fiber types are provided.
1.2.2 Flexural Behavior of CFFT and HCFFT Columns
To evaluate the structural performance of the proposed HCFFT system, a series of CFFT and
HCFFT specimens were tested under half-cyclic four-point bending loads, following the approach
used in previous research on CFFT systems [7,15,18,26-30]. Two different end conditions were tested
to investigate the effect of common end fixities for CFFT bridge columns. The two end conditions
corresponded to either restricting or allowing differential movements between the shell and the
core. The restricted end condition was simulated by casting high strength concrete caps at the ends
of the specimens. The flexural capacity, re-centering characteristics, reduction in stiffness, and
energy absorption of the CFFT and HCFFT specimens were compared. A series of moment-
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curvature analyses were performed to quantify the contribution of the concrete core when it is
allowed to slide inside the tube after the shell to concrete bond is broken.
1.2.3 Feasibility of Steel Beam to CFFT Column Connection
Despite the superior structural performance of the CFFT system, its application in building
construction is limited due to a lack of understanding on the performance of beam to column
connection details. While the performance of splices and joints on CFFTs have been previously
investigated, to-date, there have been no published studies investigating the connection between
steel beams and CFFT columns. Therefore, this phase attempts to address this knowledge gap by
investigating a shear connection between a circular CFFT column and a steel girder. The
connection consists of a shear tab welded to a curved baseplate that is then fastened to the column
using anchor bolts. The experimental program included three connection details that varied based
on anchor type and installation torque. Commercially available filament wound tubes for piping
were used as the column shell, as these pipes have been used in several research studies for the
construction of CFFT systems [22-25]. Both adhesive and expansion anchor bolts were studied to
investigate different resistance mechanisms and methods of installation. Half-cyclic loading was
used to show the stiffness degradation of the connection. It is anticipated that the findings of this
work will promote the use of CFFT and HCFFT columns in building construction.
1.2.4 Design Considerations for Experimental Evaluation of Large-Scale HCFFT Columns
Many researchers have investigated the response of CFFTs under cyclic lateral loading with a
constant axial load to simulate seismic loading. These studies varied the fiber orientation, shell
thickness, and internal reinforcement. Following the approach used in these studies, an
experimental setup is proposed for two HCFFT columns that will be subjected to simulated seismic
loading. The finalized fiber angle and quantity of steel fiber reinforcing in the shell of the HCFFTs
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were informed by the results from the bending experiments. The flexural capacity of the test
specimens was estimated using OpenSees. The experimental design including test frame
requirements, anticipated load demands, and design of the concrete footing are discussed in this
task. The methodology for determining the capacity of the HCFFTs is presented. It is anticipated
that providing the design details of the columns in addition to the reinforcing layout of the footing
will allow future researchers conduct similar large-scale tests on novel column systems.
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2 Investigation on Effect of Fiber Angle
2.1

Overview

Concrete-filled fiber-reinforced polymer (FRP) tubes (CFFTs) present a viable alternative column
system to conventional reinforced concrete for new construction. A CFFT system consists of two
parts: the prefabricated FRP tube and the concrete core. The exterior shell provides longitudinal
and transverse reinforcement for the concrete core. Many design variables of the FRP shell,
including its thickness and winding angle, can be altered to achieve desirable confinement, axial
capacity, and ductility in CFFT columns. This research proposes a methodology to determine the
minimum fiber angle for filament wound FRP tubes to provide confinement to the concrete core
in CFFTs. The proposed approach was used to calculate the threshold winding angle for glass
FRPs, which was found to be ±51.5°. To evaluate the proposed fiber angle threshold, 11 circular
specimens with a concrete core diameter of 152 mm, a height of 597 mm, and glass fibers at angles
of ±45°, ±55°, or ±65° were tested under cyclic axial compression. The effect of fiber angle and
thickness of the shell were studied. The experimental results show that the confining effectiveness
increases with winding angle and number of layers of fiber reinforcing, and the specimens with
wind angles below the threshold, i.e. ±45°, behave similarly to unreinforced concrete.
2.2

Introduction

CFFTs (concrete-filled FRP (fiber-reinforced polymer) tubes) are a viable alternative column
system to conventional reinforced concrete (RC) for new construction. A CFFT consists of a
prefabricated FRP tube and a concrete core. The exterior FPR shell protects the concrete core from
exposure to harsh environments and acts as a permanent form, which eliminates the need for
formwork and scaffolding during construction. In addition, the FPR shell provides longitudinal
and transverse reinforcement for the column. The FRP shell is made of reinforcing fibers,
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thermosetting resins, and additional additives [31]. The shell can be manufactured in different
hollow shapes through a filament winding or a wet lay-up technique.
Over the past 30 years, the suitability of CFFTs as a load carrying element has been
investigated through experimental and analytical studies [6,32-43]. A majority of these studies have
focused on CFFT columns with fibers aligned in the hoop direction. Fibers aligned in the hoop
direction provide excellent confinement under concentric axial load. However, an off-axis fiber
angle allows the shell to contribute to both the longitudinal and hoop strength [14].
To this end, few studies have been conducted on the axial performance of CFFTs
constructed with filament wound tubes with off-axis fibers. Mirmiran and Shahawy [5] first
introduced using filament wound tubes for the new construction of columns, rather than using FRP
jacketing for the strengthening of existing columns. The results showed that the FRP tubes with
fibers aligned at ±75° were effective in increasing the strength and ductility of concrete under axial
load. La Tegola and Manni [44] studied the behavior of CFFTs with different numbers of fiber
layers and fiber angles ±55° between ±77°. The results showed that the initial portion of the stress
strain curve was independent of the shell layup, and a model was proposed to predict the postcracking stress-strain behavior of concrete confined by fiber composites. Fam et al. [14] compared
the behavior of CFFTs with hoop or off-axis fibers under concentric and eccentric axial loads. The
tube with off-axis fibers had fibers aligned at ±34° and at 80°. The specimen with only hoop fibers
had a higher confinement efficiency due to the lower Poisson’s ratio and higher hoop stiffness of
the shell. Hong and Kim [12] studied the large-scale compressive performance of CFFTs with
filament wound carbon fiber tubes with fibers aligned at 90° + 90°, 90° ± 60°, 90° ±45°, and 90°
± 30° and proposed equations to estimate the relationship between confinement ratio and
confinement effectiveness for the tested layups. Mohamed and Masmoudi [45] evaluated the
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theoretical axial capacity of CFFTs with five different fiber layups with lamina ranging from ±45°
to 90° and proposed a new confinement model for CFFTs. Vincent and Ozbakkaloglu [46] studied
the compressive behavior of CFFTs with FRP shells constructed with winding angles of ±45°,
±60°, ±75°, or ±88°. The results showed that the orientation of the fibers significantly effects the
ultimate conditions of the specimens. The higher winding angles corresponded to increased
strength and strain enhancement ratios, while the ±45° and ±60° specimens experienced only
minimal gains in strength and ductility compared to unreinforced concrete.
While a wide range of fiber angles have been investigated, there is not an experimental or
analytical study that evaluates a minimum effective winding angle in terms of confinement for
CFFTs. This research aims to close a gap in knowledge on the threshold angle for filament wound
FRP tubes to provide confinement to the concrete core in CFFTs. This information is critical, as it
allows for evaluating the use of prefabricated FRP tubes for CFFTs, which further reduces the
construction complexity of this system. An approach for determining the minimum effective angle
using laminate theory is introduced. The proposed approach was used to calculate the angle for
glass FRPs (GRFP), which was found to be ±51.5°. This angle was then evaluated experimentally
by testing CFFTs with winding angles above or below the threshold (±45°, ±55°, and ±65°) under
cyclic compression. In addition to fiber angle, the effect of the number of layers was also
investigated. The specimens in this research were 597 mm in height with a concrete core diameter
of 152 mm. The specimens were fully instrumented to allow for the comparison of global and local
responses. The influence of fiber angle and shell thickness are discussed. The experimental data
was used to verify the threshold angle, and recommendations for minimum winding angles for
CFFTs with carbon fiber and S-glass FRP shells are provided.
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2.3

Determination of Threshold Fiber Angle

This research proposes a methodology to determine the minimum effective winding angle for the
FRP shell to provide confinement in CFFTs. Due to the off-axis fibers, the tube expands in the
hoop direction under axial loading, i.e. Poisson’s effect, which effects the confinement
effectiveness of the shell. In order for the tube to provide confinement, it must expand at a slower
rate than the concrete core under axial load. This suggests that the Poisson’s ratio of the shell must
be smaller than that of cracked concrete. This limiting Poisson’s ratio can then be related to a
threshold winding angle for the FRP shell. This section will detail the procedure for determining
this angle based on conventional laminate theory [47]. The methodology will then be used to
suggest a minimum winding angle for GFRP shells for use in CFFTs.
2.3.1 Calculation of Limiting Poisson’s Ratio
In general, the load-displacement response of FRP-confined concrete may be separated into three
regions, shown in Figure 2-1. In the first region, the axial load is resisted by the concrete core,
causing the behavior to match that of unconfined concrete. This is due to the FRP shell providing
a passive state of confinement where the effect is activated by expansion of the concrete. The
second region is a transition zone where the load begins to increase at a slower rate due to the
formation of micro-cracks in the concrete, which leads to an increased poisons ratio of the concrete
core. In this transition zone, the lateral pressure from the FRP shell begins to act on the concrete
core to counteract the stiffness degradation. The third region is where the confinement from shell
is fully activated, thus the response is dependent on the stiffness of the tube. In this stage, the
compressive failure of a member is delayed by the confining pressure provided by the shell.
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Figure 2-1. Representative confinement zones for FRP-confined concrete.

In order for the FRP tube to be effective in providing confinement to the core, the expansion
of the shell due to axial load must be slower than the expansion of concrete in confinement regions
two and three. Therefore, the first step in determining the threshold winding angle is determining
the Poisson’s ratio of cracked concrete. The formulation proposed by Vecchio [48] (Equation
2-1Equation 2-1) was used to calculate the Poisson’s ratio of unconfined concrete at peak load.
2

𝑣𝑎ℎ

𝜀𝑖
= 𝑣𝑜 [1 + 1.5 ( − 1) ] ≤ 0.5,
𝜀𝑝

𝜀𝑝
> 𝜀𝑖
2

Equation 2-1

where 𝑣𝑎ℎ is the Poisson’s ratio of the concrete during loading in the axial direction, 𝑣𝑜 is the
original Poisson’s ratio, taken as 0.18 [49], 𝜀𝑝 is the strain corresponding to the peak axial load,
taken as 0.002, and 𝜀𝑖 is the strain at any point beyond

𝜀𝑝
2

. Using this formulation, the Poisson’s

ratio at peak load is 0.45.
2.3.2 Calculation of In-Plane Elastic Constants for the FRP Tube
The FRP shells used in CFFTs exhibit elastic behavior, therefore the limiting Poisson’s ratio of
concrete can be directly related to the initial Poisson’s ratio of the tube. The axial and hoop
properties of filament tubes with different fiber angles can be calculated using conventional
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laminate theory [50]. To determine the limiting winding angle, the Poisson’s ratio for FRP pipes
was calculated for fiber angles ranging from zero to 90°. The approach suggested by Hamed et al.
[50] was used to find the in-plane elastic constants,

Ea, Eh, vah, vha, for filament wound tubes based

on unidirectional material constants.
To use conventional laminate theory, a series of assumptions must be made regarding the
FRP tube. This includes that the layup of the tube is balanced and symmetric, the layers have the
same materials, angles and thicknesses, the laminate of the cylindrical shell is constrained so that
curvature and twist cannot change under uniform axis-symmetric loading, and the unidirectional
layer is considered to be transversely isotropic in the 2–3 plane. In addition, a plane stress condition
can be assumed due to shell acting as a thin-walled cylinder with negligible through thickness
effects. These assumptions allow the FRP shell to be characterized with a 3x3 stiffness matrix
using only four unidirectional elastic constants, E1, E2, v12, G12,. The matrix shown in Equation
2-2 relates stress and strain in the principal material directions using Hook’s law for a single
unidirectional lamina of an orthotropic material. Direction 1 is parallel to the fibers and direction
2 is perpendicular to the fibers.
𝑄11
𝜎1
[ 𝜎2 ] = |𝑄21
𝜏12
0

𝑄12
𝑄22
0

0
𝜀1
0 | [ 𝜀2 ]
𝑄66 𝛾12

Equation 2-2

where:
𝑣12 𝑣21
=
𝐸1
𝐸2

𝐸1
(1 − 𝑣12 𝑣21 )
𝐸2
=
(1 − 𝑣12 𝑣21 )
𝑣12 𝐸2
= 𝑄21 =
(1 − 𝑣12 𝑣21 )
= 𝐺12

𝑄11 =
𝑄22
𝑄12
𝑄66
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The stress-strain relationships can then be transformed from the material to the loading
directions to obtain the hoop and axial properties of the shell. This transformation is based on the
winding angle, θ, with respect to the longitudinal axis of the tube and results in the matrix, which
relates axial and hoop stresses to axial and hoop deformations, show in Equation 2-3. The nonzero
off-diagonal components of this matrix indicate that the shell deforms in both the axial and hoop
directions due to axial stresses. The transformed stiffness matrix can then be used to solve for the
in-plane material constants as shown in Equation 2-4 to Equation 2-7.
𝑄11
𝜎𝑎
[ 𝜎ℎ ] = |𝑄21
𝜏𝑎ℎ
0

𝑄12
𝑄22
0

0

𝜀𝑎
0 | [ 𝜀ℎ ]
𝛾𝑎ℎ
𝑄66

Equation 2-3

where:
𝑄11 = 𝑚4 𝑄11 + 2𝑚2 𝑛2 (𝑄12 + 2𝑄66 ) + 𝑛4 𝑄22
𝑄12 = 𝑄21 = 𝑚2 𝑛2 (𝑄11 + 𝑄22 − 4𝑄66 ) + (𝑚4 + 𝑛4 )𝑄12
𝑄16 = 𝑄61 = 𝑚3 𝑛(𝑄11 − 𝑄12 − 2𝑄66 ) + 𝑚𝑛3 (𝑄12 − 𝑄22 + 2𝑄66 )
𝑄22 = 𝑛4 𝑄11 + 2𝑚2 𝑛2 (𝑄12 +2𝑄66 ) + 𝑚4 𝑄22
𝑄26 = 𝑄62 = 𝑚𝑛3 (𝑄11 − 𝑄12 − 2𝑄66 ) + 𝑛𝑚3 (𝑄12 − 𝑄22 + 2𝑄66 )
𝑄66 = 𝑚2 𝑛2 (𝑄11 + 𝑄22 − 2𝑄12 − 2𝑄66 ) + (𝑚4 + 𝑛4 )𝑄66
𝑚 = 𝑐𝑜𝑠𝜃 𝑛 = 𝑠𝑖𝑛𝜃

𝐸𝑎 =

𝐸ℎ =

𝑣𝑎ℎ =

𝑣ℎ𝑎 =

𝑄11 𝑄22 − 𝑄12 𝑄12
𝑄22

Equation 2-4

𝑄11 𝑄22 − 𝑄12 𝑄12
𝑄11

Equation 2-5

𝑄12
𝑄22

Equation 2-6

𝑄12
𝑄11

Equation 2-7
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2.3.3 Threshold Angle for Filament-wound GRFP Tubes
The methodology was then applied to calculate the axial and hoop parameters for a GFRP filament
wound tube. The input parameters for a GRFP laminate are shown in Table 2-1. Matlab was used
to calculate the in-plane material properties for winding angles between zero and 90° as detailed
in Section 2.2. The relationships for Poisson’s ratio and Elastic modulus based on fiber angle are
shown in Figure 2-2. The values at ±55° were then compared to those reported by the manufacturer
of the FRP pipes used in the experiments [51]. The values were in good agreement, suggesting a
preliminary validation of the methodology.
Table 2-1. Unidirectional elastic constants for
Glass/Epoxy Reinforced Material [52]
E1
45.6 GPa
E2
16.2 GPa
v12
0.278
G12
5.50 GPa

Threshold
winding angle

Figure 2-2. In-plane elastic constants for GRFP filament wound pipes including a) Poisson’s ratio and
b) Young’s modulus.

Figure 2-2a shows the relationship between Poisson’s ratio and winding angle resulting
from loading in the axial direction (vah) and loading in the hoop direction (vha). This shows that vah
is highly dependent on fiber angle, with a sharp decrease after 30° degrees and a minimum value
14

at 90°. Figure 2-2b shows the relationship between Young’s modulus and winding angle resulting
from loading in the axial direction (Eaxial) and loading in the hoop direction (Ehoop). This shows
that the axial stiffness of the tube is relatively constant after 50°, but the hoop stiffness sharply
increases after approximately 40°, with a maximum at 90°. This confirms previous research
findings that aligning fibers more closely to the hoop direction results in increased confinement
effectiveness.
The Poisson’s ratio, vah, for pipes with different winding angles was compared to the Poisson
ratio of cracked concrete, 0.45. For the shell to be effective in providing confinement, vah must be
smaller than 0.45. Using this criterion, the minimum effective winding angle was found to be
±51.5°, as shown in Figure 2-2. It is important to note that this threshold angle is only related to
confinement effectiveness. If a winding angle under the threshold is chosen to contribute to the
flexural or tensile performance of the system, additional hoop layers should be added for
confinement. In addition, systems where the shell is not loaded directly, and it is free to displace
relative to the core, must be investigated separately.
2.4

Experimental Program

2.4.1 Description of the Experimental Program
To evaluate the proposed angle, eleven CFFT specimens, each with a concrete core diameter of
152 mm and a height of 597 mm, were tested under cyclic axial compression. Cyclic compression
was used to show the stiffness degradation and residual displacements of the specimens after each
loading cycle. Figure 2-3 illustrates the geometry of the specimens. The specimens varied by fiber
angle and number of layers of fiber reinforcement. There were two column specimens of each type
tested. Table 2-2 presents the details of the specimens and the naming convention used in this
study. The specimens were labelled (first column of Table 2-2) in two parts; the winding angle of
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the FRP tube with respect to the longitudinal axis and the number of layers of glass fiber
reinforcement in the tube. For example, Specimen 45-6G represents a CFFT with a ±45° fiber
angle and 6 layers of glass fiber reinforcement in the shell.

Figure 2-3. Representative CFFT test columns including a) ±45° specimen, b) ±55° specimen, c) ±65°
specimen, and d) representative cross section for column specimens.

Table 2-2. Specimen Properties and Test Parameters
Test ID
45-6G
45-6G
45-8G
45-8G
55-6G
55-6G
55-8G
55-8G
55-10G
55-10G
65-8G

Fiber Angle

Layers of
Glass Fibers

±45°

6

±45°

8

±55°

6

±55°

8

±55°

10

±65°

8

Shell Thickness, T
mm
2.54
2.29
3.05
3.05
3.05
3.05
3.05
3.05
5.59
5.59
2.29

2.4.2 Specimen Preparation
The FRP pipes were manufactured in Little Rock, Arkansas by NOV Fiber Glass Systems, a leader
in composite pipe systems for applications in the oil and gas, chemical and industrial, marine, and
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offshore industries [53]. The pipes were filament-wound. In this process, the glass fibers were fed
through an epoxy resin bath and deposited on a rotating steel mandrel. The rotation of the mandrel
and travel of the fiber carriage were CNC controlled to obtain the desired fiber angle. Each layer
consisted of fibers at both positive and negative orientations. The winding process is shown in
Figure 2-4. After winding, the pipes were heat cured at 121°C for 1 hour and 15 minutes and then
raised to 163°C for 45 minutes. After curing, the pipes were cooled to ambient temperature and
cut to length.
Fiber Carriage

Fiber Tows

Resin
Bath

Steel
Mandrel

Figure 2-4. Filament winding setup for manufacturing of the FRP pipes.

The specimens were cast with a batch of ready-mix concrete from a local supplier. The
maximum aggregate size was 9.5 mm with a design strength of 24.1 MPa. After the concrete was
cured, approximately 6.4 mm was removed from the top and bottom ends of the specimens using
a wet-tile saw (Figure 2-5). This was to ensure a perpendicular, even edge on both ends of the
columns prior to testing. This made sure the load was bearing on the full surface of the concrete
core.
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Figure 2-5. Preparation of CFFT ends for testing including a) cutting CFFT with wet tile saw and b)
final surface of test specimen.

2.4.3 Material Testing
Material properties of the glass fibers were reported by the manufacturer. Hybon 2052 E-glass
fibers were used as the glass reinforcing. The reported tensile strength and tensile modulus were
2,350 MPa and 72 GPa, respectively. Material testing was conducted for concrete cylinders and
epoxy dog bones. Concrete cylinders with a 76-mm diameter and 152-mm height were prepared
according to ASTM C39 [54] from the ready-mix batch. The cylinders cured in the same location
as the CFFT specimens to ensure similar temperature and moisture conditions. The concrete
cylinders were tested at 28 days and on test day. The average compressive strengths were 32.3
MPa and 36.5 MPa, respectively.
Epoxy samples were taken from the resin bath during manufacturing of the FRP pipes. The
samples were cured with the pipe to ensure similar temperature and moisture conditions. The dog
bones had a total length of 114 mm and a thickness of 3.8 mm. The gauge length of the dog bones
had a length and width of 44.5 mm and 6.4 mm, respectively. The grip sections of the dog bones
had a width of 19 mm. The dog bone mold is shown in Figure 2-6a. Seven epoxy samples were
tested on a screw-driven Instron 5869 machine under monolithic tensile loading per ASTM D638
(Figure 2-6b) [55]. The tensile strength-strain relationship for the epoxy samples is shown in Figure
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2-7. The average ultimate tensile strength and strain of the epoxy were 39.5 MPa and 2.26%,
respectively.

Figure 2-6. Dog-bone shaped epoxy samples in a) mold and b) test setup.

Figure 2-7. Tensile stress-strain behavior of epoxy samples.

2.5

Test Procedures and Instrumentation

The specimens were loaded with a spherical bearing to provide a moment-free end condition. The
overall displacement of the loading platen was measured by a 50-mm stroke displacement
transducer. Global vertical strain on the column was measured by two 100-mm stroke
potentiometers. The potentiometers were centered along the height of the column and placed on
opposite sides.

Global hoop strain was measured by a transverse transducer from a
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compressometer. Local strains were measured by triaxial strain gauges with a gauge length of 5
mm at angles of 0°, 45°, and 90° with respect to the vertical (Figure 2-8). One triaxial strain gauge
was placed on each side of the column at mid-height. All specimens were tested in a Satec 1780
kN hydraulic testing machine. The experimental setup and instrumentation are shown in Figure
2-9.
The specimens were preloaded to 9 kN to set the system prior to loading. In the first cycle,
the columns were loaded to 222 kN in 30 seconds and then unloaded to 9 kN at the same rate under
a force-controlled load application. The first cycle was load controlled to adjust minor
misalignments between the specimen and the test frame. In the following cycles, loading resumed
under a displacement-controlled load application at the rate of 5 mm/min. Unloading was
performed using a force-controlled load reduction. Cyclic compression continued with increasing
displacement targets until the FRP tube ruptured or the resistance of the specimens dropped to
50% of the peak load. The displacement targets were intervals of 2.54 mm, which was chosen to
ensure a sufficient number of cycles prior to failure based on the anticipated displacement
capacities of the specimens.
Hoop
Gauge
Axial
Gauge

45°
Gauge

Figure 2-8. Triaxial strain gauges used in experiments.
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Figure 2-9. Experimental setup and instrumentation for a) concentric and b) eccentric axial compression.

2.6

Experimental Results

2.6.1 Failure Modes
Failure in all specimens was dictated by failure of the FRP shell. Small cracks in the FRP tube
became visible at approximately 2% strain. Whitening of the fibers initiated after cracking.
Cracking and whitening of the fibers increased in magnitude and quantity throughout the test. The
area where failure initiated experienced the most significant cracking and whitening of the fibers,
and notable bulging in later cycles. In the ±45° and ±55° tests, failure primarily occurred along the
fiber angle of the shell. The ±45° specimens exhibited rupture along one line, parallel with the
glass winding angle that coincided with the 45° failure plane of the concrete. The failure for the
±45° specimens was gradual, with the load significantly dropping prior to rupture. For the ±55°
specimens, a longer length of the column was engaged in failure. The failure was sudden, with a
crack running along the height of the column in a zigzag pattern. The ±65° specimen also exhibited
a sudden failure, however the failure occurred during unloading, which differed from the two other
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fiber angles. The failure line for the ±65° specimen was also different as it did not follow the fiber
angle, rather it was an unzipping along the length of the specimen. This failure line along the length
of the column is similar to specimens with only hoop fibers. Sample failure modes for the
specimens are shown in Figure 2-10 and views of specimens with various fiber angles during their
failure cycle are shown in Figure 2-11.

Figure 2-10. Typical failure modes for a) ±45°, b) ±55°, and c) ±65° specimens.

Figure 2-11. Images from failure cycle for a) 45-8G, b) 55-8G, and c) 65-8G specimens.
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2.6.2 Load–Displacement Relationships
A sample load-displacement relationship is shown in Figure 2-12 for a ±55° specimen under
concentric load. This figure shows the full cyclic response as well as the backbone. Only backbone
curves will be shown for all specimens in future sections.

Figure 2-12. Example of cyclic compression curve and backbone curve.

The axial load-displacement backbones for all ten specimens are shown in Figure 2-13a.
The ±65° specimens exhibited higher peak axial loads and displacements prior to failure compared
to the ±45° and ±55° specimens. The ±45° specimens had a load-displacement relationship similar
to that of unreinforced concrete cylinders, i.e. the ±45° shell was ineffective in providing
confinement. This was anticipated as the winding angle is lower than the suggested threshold,
meaning that under axial load the FRP shell expands faster than the concrete in Stage 2, and
therefore, does not allow for the activation of the confinement. The level of confinement for each
of the specimens will be further discussed in Section 5.4.
In general, the largest variation in the behavior of the specimens is the shape of the curve
in the post-yield region. Specimens below the threshold fiber angle experience softening behavior,
while those above experience strain hardening. Specimens with fibers more closely aligned to the
hoop direction, i.e. ±65°, have stiffer hardening regions compared to the ±55° specimens.
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Figure 2-13. Axial load vs. axial displacement relationship for test specimens.

2.6.3 Load-Strain Relationships
The peak axial load and corresponding axial strain at peak load are shown for each specimen in
Table 2-3. The axial strain was found by taking the average of the strain measured by the
potentiometers attached to either side of the columns. The ±45° specimens have significantly lower
strains at peak load compared to the other specimens due to the post-yield softening behavior of
the system. For the ±55° specimens, increasing the number of layers of fiber reinforcing leads to
an increase in the axial strain at peak load. The ±65° specimen has the highest peak load, and
corresponding highest axial strain at peak load. In general, this shows that improving the confining
effectiveness of the shell through adding layers of reinforcement or aligning the fibers closer to
the hoop direction results in higher achievable strains.
Table 2-3. Test Results
Test ID

Peak Axial
Load, kN

45-6G
45-6G
45-8G
45-8G
55-6G
55-6G
55-8G
55-8G

607
654
660
690
712
816
954
816

Axial Strain
at Peak
Load, %
0.51
0.44
0.49
0.49
1.84
4.47
5.23
2.38
24

55-10G
55-10G
65-8G

1110
1210
1500

5.11
5.28
6.78

2.6.3.1 Local strain relationships
The axial load-vertical strain and axial load-hoop strain relationships from the strain gauge
readings on the shell are shown in Figure 2-14. For each specimen, the axial and hoop strains are
taken as the averages of the readings from both sides of the columns. The results show that the
±45° specimens experience significantly smaller axial and hoop strains compared to specimens
with higher winding angles. It is anticipated that this is due to the location of failure in the ±45°
specimens. The ±45° specimens experienced a more localized failure compared to the ±55° or
±65° specimens as previously shown in Figure 2-10. This localized bulging and failure may lead to
smaller strains at midheight where the gauges were located. For the ±55° and ±65° specimens, the
local strain responses follow similar trends to the global axial strain comparisons noted in the
previous section. The impact of fiber angle and can be further examined by comparing the ratios
of hoop and axial strain.

Figure 2-14. Axial load vs. axial and hoop strain from strain gauges for a) concentric specimens, b) and c)
19-mm eccentricity specimens, and d) and e) 38-mm eccentricity specimens.

The ratios for each of the tested specimens are shown in Figure 2-15. Figure 2-15a shows the
strain readings up to 0.2% axial strain to showcase the Poisson’s ratios of the shell under axial load
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prior to concrete cracking. The average ratios for the ±45°, ±55°, and ±65° specimens were 0.601,
0.415, 0.318 respectively. This confirms that is this range, the shell is expanding faster than
uncracked concrete and thus is not active in providing confinement. It also shows that the ±45°
shells expand faster than cracked concrete, which suggests they will be ineffective in providing
confinement. These ratios were then compared to literature. From the laminate analysis results, the
±45°, ±55°, and ±65° specimens were expected to have strain ratios of 0.536, 0.395. and 0.255,
respectively under axial loading. The close relationship between the experimental and theoretical
values validates the baseline laminate analysis. The hoop-axial strain relationships up to 1% axial
strain are shown Figure 2-15b. This strain target was selected as the majority of gauges at this point
were intact for all specimens. In general, the graph shows that as fiber angle increases, the hoopaxial strain ratio decreases throughout loading. This graph also shows the clear distinction where
the slope changes and the pressure of the concrete core begins to act on the shell.

Figure 2-15. Strain gauge relationships showing hoop vs. axial strain for all specimens up to a) 0.2% axial
strain and b) 1% axial strain.
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2.6.4 Confinement Effectiveness
′
The ratio of confining pressure to unconfined concrete compressive strength, 𝑓𝑙 ⁄𝑓𝑐𝑜
, is used as an

established term to define the confinement effectiveness of a CFFT system. The confining pressure
is shown in Equation 2-8 where σh is the hoop stress, D is diameter of the concrete core, and t is
the thickness of the shell. The shell thickness was calculated using average thickness of one layer
(0.455 mm) multiplied by the number of layers. As all specimens in this study have the same
unconfined compressive strength, the confining pressure can be directly related to confinement
effectiveness.
𝑓𝑙 =

2 ∗ 𝜎ℎ ∗ 𝑡
𝐷

Equation 2-8

To determine the confining pressure for the specimens, the matrix relationship shown in
Section 2 was used to calculate the hoop stress at the loaded conditions from the peak axial and
hoop strain gauge readings. However, due to the Poisson’s effect of the filament wound tubes, the
hoop strain due to expansion of the shell under axial loading must be excluded from the fl
calculation, as it would result in artificially high confinement pressures. To account for this, the
portion of hoop stress due to the Poisson’s effect was subtracted from the value found using the
experimental axial and hoop strains. This was accomplished by first calculating the theoretical
hoop strain for an unfilled pipe that corresponded to the experimental axial strain readings using
the Poisson’s ratios calculated in Section 2. A theatrical hoop stress was then calculated using the
experimental axial and theoretical hoop strains. The difference in the experimental and theoretical
hoop stresses represents the confining stress due to bulging of the concrete. This value was used
in the calculation and the resulting confining pressure-vertical strain relationship for the concentric
specimens is shown in Figure 2-16.
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Figure 2-16. Relationship between confining pressure, fl, and vertical strain for concentric specimens.

The results show that the effective confinement of the system is dependent on both the
number of layers of glass as well as the winding angle. Higher winding angles and more layers of
fiber reinforcement result in higher confining stresses. However, the shell thickness only effects
the ultimate strength of the CFFT systems when the winding angle is above the calculated
threshold value. The confining pressure curves validate that the effect of winding angle only
becomes apparent after the concrete core cracks at around 0.2% axial strain, as evidenced by the
change in slope for the ±55°and ±65°specimens.
2.7

Discussion

2.7.1 Effect of Fiber Angle
The effect of fiber angle on the load displacement response for the ±45°, ±55°, ±65° specimens
with eight layers of fiber reinforcing is shown in Figure 2-17. These specimens were chosen for
comparison as they have equivalent layers of glass reinforcement. The shape of the curve varies
substantially between specimens, with the largest difference being the shape of the curves in the
post-yield portion of the graphs. Specimens with winding angles above and below the threshold
exhibit post-yield hardening or softening, respectively. The results are consistent with previous
research that has shown the slope of the hardening region becomes stiffer under concentric loading
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as the fiber angle increases (i.e. moves closer to the hoop direction). Li et al. [36] studied wrapped
concrete cylinders with fibers orientated at 0°, 45°, and 90° from the loading direction. The results
showed that the specimens with 0° or 45° fibers were ineffective in providing confinement and the
specimens with fibers only in the hoop direction experienced the largest increases in strength.
Vincent and Ozbakkaloglu studied specimens with winding angles of ±45°, ±60°, ±75°, or ±88°
and found that the ±45° and ±60° specimens experienced only minimal gains in strength and
ductility compared to unreinforced concrete and the slope of the hardening region increased from
the ±75° to ±88° winding angle. The results from this study and from previous research show the
performance of the system is heavily dependent on fiber orientation.

Figure 2-17. Axial load vs. axial displacement relationship for ±45°, ±55°, and ±65° specimens with eight
layers of glass fiber reinforcement.

2.7.2 Effect of Shell Thickness
The effect of shell thickness is demonstrated in Figure 2-18, which shows the ±55° specimens
under concentric load with varying thicknesses. In general, the results show that as the number of
layers of reinforcement increase, the ultimate strength and strain increase. This trend is consistent
with the findings of Park et al. [56] who showed increasing the shell thickness in filament wound
tubes with fibers in the hoop direction resulted in substantial increases in both ultimate strength
and strain. However, in this research, the effect of shell thickness did not have as significant of an
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effect on the peak axial load compared to the fiber angle. This phenomenon was shown in the study
conducted by Li et al. [36] where there was no considerable increase in strength or strain on
wrapped cylinders with off-axis fibers when there was insufficient reinforcement in terms of
number of layers or fiber orientation. In addition, it was shown that the thickness of the FRP
cannot make up for an inadequate fiber orientation. This suggests that the effect of thickness is
only apparent when a baseline amount of confinement is provided. This may suggest that the
marginal difference in performance between the 55-6G and -8G specimens is due to the specimens
being close to the minimal number of layers in the FRP.
While it is understood the thickness of the shell impacts the ultimate conditions of the
CFFT, the effect of this parameter on the axial performance of CFFTs with filament wound tubes
with balanced and symmetric layups is not well understood. As many commercially available FRP
tubes are constructed this way, additional experimental or analytical studies are required to better
quantify the contribution of this parameter.

Figure 2-18. Axial load vs. axial displacement relationship for concentrically loaded ±55° specimens.

2.7.3 Threshold Winding Angle for CFFTs with Alternate FRP Materials
To extend to the findings of the threshold winding angle to CFFTs with various FRP types, a
closed-form solution is proposed that estimates the limiting angle based solely on the Young’s
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modulus in the direction of fibers. It is anticipated the findings will inform the design of future
studies on CFFT systems with filament-wound shells. The proposed closed-form solution relies
on assumptions relating the variables E2 and G12 to E1. Table 2-4 defines the variables E2 and G12
in terms of a E1 and provides the definition for variable a used in the equations. The relationships
are based on range of E1 values for E-glass/epoxy, carbon/epoxy, and S-glass/epoxy filamentwound FRPs [52,57-59]. A constant Poisson’s ratio was assumed for all FRP types as the assumed
matrix in each composite is an epoxy resin. The confinement activation ratio, C, introduced in
Equation 2-9 relates the response of the shell under axial load to the limiting Poisson’s ratio of
cracked concrete. A ratio greater than zero corresponds to the shell being able to provide
confinement to the concrete core.
Table 2-4. Constants for confinement activation ratio calculations for different epoxy FRP types
FRP type
E1 (GPa)
E2
G12
v12
a
E-glass

40-60

S-glass

80-100

Carbon Fiber

120-150

𝐶 = 𝐸ℎ𝑜𝑜𝑝 ∗

1
𝐸
5 1
1
𝐸
10 1
1
𝐸
15 1

1
𝐸
10 1
1
𝐸
20 1
1
𝐸
30 1

0.45 − 𝑣𝑎ℎ
0.45

0.3
0.3
0.3

𝐸1
𝐸2
𝐸1
5
𝐸2
5

5

𝐸1
𝐸2

Equation 2-9

where:
10𝐸1 (𝑚2 + 𝑛2 )2 (𝑎𝑚4 + 16𝑚2 𝑛2 + 𝑎𝑛4 )
[2𝑎2 𝑚4 + (26𝑎−9)𝑚2 𝑛2 + 10𝑎𝑛4 ]
3𝑎𝑚4 + 16𝑚2 𝑛2 + 3𝑎𝑛4
=
[10𝑎𝑚4 + (2𝑎2 − 10𝑎 + 9)𝑚2 𝑛2 + 10𝑎𝑛4 ]

𝐸ℎ𝑜𝑜𝑝 =
𝑣𝑎ℎ

Plotting C against the winding angle demonstrates the range of effective angles for the
specific FRP tube. The relationship between confinement activation ratio and fiber angle is shown
in Figure 2-19 for the three FRP types. In general, as the stiffness of the fibers increases, the
31

threshold winding angle increases. This finding is consistent with previous research studies and
can be demonstrated by comparing the results from this study to that by Vincent and Ozbakkaloglu
[46].

This study shows that glass fibers oriented at ±55° provided substantial increases in capacity

in failure strain for the CFFT, whereas the Vincent and Ozbakkaloglu study shows that aramid
fibers, which are substantially stiffer than glass, oriented at ±60° produced minimal gains in
strength and failure strain compared to unconfined concrete. Additional data sets are required to
evaluate the threshold winding angle based on laminate theory for various fiber types.
Furthermore, the equations proposed in this section provide an initial estimate of the limiting
winding angle for an FRP tube with unknown material properties. If the properties are known, the
approach outlined in Section 2 should be used for more accurate results.

Figure 2-19. Confinement activation ratio-fiber angle relationship for common FRP materials used in
CFFTs.

2.8

Summary and Conclusions

This study introduces an approach based on laminate theory for determining the minimum
effective winding angle for FRP tubes to provide confinement in CFFTs. The proposed approach
was used to calculate the threshold winding angle for GRFP tubes, which was found to be ±51.5°.
Eleven CFFT specimens with winding angles above or below the threshold angle (±45°, ±55°, and
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±65°) were tested under cyclic compression to evaluate the proposed angle. The specimens with
winding angles below the threshold had a negligible increase in axial capacity and marginal
increase in failure strain compared to unconfined concrete cylinders. Specimens with the fiber
angles above the threshold experienced increases in peak axial load and failure strain compared to
unconfined concrete. Increasing the fiber angle increased the post-yield hardening effect for the
specimens, resulting in higher peak loads and peak strains. Increasing the layers of glass-fiber
reinforcing also resulted in increased capacities.
While the threshold fiber angle was experimentally validated in this study for GRFP pipes,
additional experimental and analytical studies are needed to evaluate the threshold angle for FRP
shells with other fiber types such as carbon, aramid, and S-glass. Studies on composites with a
high stiffness such as that conducted by Vincent and Ozbakkaloglu with aramid fibers are of
particular interest to validate the methodology for determining the threshold winding angle.
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3 Flexural Behavior of CFFT and HCFFT Columns
3.1

Overview

The concrete-filled fiber-reinforced polymer (FRP) tube (CFFT) system has been widely studied
as a durable alternative design for bridge columns. Research has shown that utilizing a small
number of longitudinal steel bars in the concrete core provides the energy dissipation
characteristics required for resisting extreme loads, such as seismic and blast. However, the
construction complexity associated with the addition of rebar discourages the implementation of
this system. In a novel approach, this study proposes and investigates the structural performance
of CFFTs with a hybrid glass/steel fiber reinforced tube. This hybrid CFFT (HCFFT) system
integrates the required longitudinal steel reinforcement into the FRP shell in the form of 30-micron
fibers. This study details the experimental results from two CFFT and four HCFFT circular
specimens tested under half-cyclic four-point bending. Two different end conditions were
investigated, which allowed and restricted slippage of the concrete core inside the tubes. The
performance of each system was evaluated in terms of flexural capacity, residual deformation,
damage, and energy absorption capacity.

The HCFFT specimens exhibited higher energy

absorption and lower degradations in stiffness compared to the CFFTs at comparable flexural
deformations. Moment-curvature analysis was used to quantify the contribution of the concrete
core when it is allowed to slide inside the tube. The findings may inform future studies on
structural elements made of hybrid composites.
3.2

Introduction

CFFTs (concrete-filled FRP (fiber-reinforced polymer) tubes) are a viable alternative to
conventional reinforced concrete (RC) for the new construction of bridge columns. This system
consists of two primary components; a prefabricated FRP tube and a concrete core that may or
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may not include longitudinal rebar. The fibers in the FRP tube are typically oriented at an angle
with respect to the longitudinal axis to contribute to the flexural strength of the system and to
provide confinement for the concrete core. The suitability of CFFTs as structural columns has
been studied extensively [32,45,60,61]. Previous research suggests that CFFTs with an unreinforced
concrete core provide limited energy absorption since the tube contains only elastic fibers such as
glass or carbon [14,20,21]. However, due to the elastic fibers, CFFTs have inherently better
recentering characteristics compared to RC columns. Several studies have explored increasing the
energy absorption capacity by embedding steel structural shapes in the concrete core [39,62-64].
Furthermore, several experimental studies have shown that a small amount of rebar, e.g. less than
1% reinforcement ratio, provides the hysteretic energy dissipation characteristics needed to resist
extreme events.
Through a series of cyclic tests, Shao and Mirmiran demonstrated that CFFTs can be
designed with comparable ductility to RC columns. In addition, the results demonstrated that
increasing the internal steel reinforcement in CFFTs increases the energy absorption [21]. Zaghi
et al. [25] compared the shake table performance of RC and lightly reinforced CFFT columns and
Echevarria et al. [65] evaluated the residual axial strength of these systems after subjecting them to
different levels of blast loads. Both studies concluded that lightly reinforced CFFT columns
provide superior performance in terms of energy dissipation and load carrying capacity compared
to the traditional RC systems. Echevarria et al. [23] established the suitability of lightly reinforced
CFFTs for the construction of multi-hazard resilient bridge columns. While these studies have
demonstrated the superior structural performance of CFFTs with reinforced concrete cores, the
complexity and cost involved with the installation of rebar cages may discourage the adoption of
this promising column system.
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In an effort to address this shortcoming while benefiting from the distinct energy absorption
characteristics of steel material, this research proposes a novel CFFT system where the steel
reinforcement is integrated in the composite shell in the form of small-diameter fibers. The
proposed metal/non-metal fiber reinforced shell is anticipated to address the shortcoming of
conventional CFFTs in terms of energy absorption. This system is intended to combine the ease
of construction of unreinforced CFFTs with the benefits of metal reinforcement. This hybrid
glass/steel composite integrates the unique energy dissipation capability of steel material, the
excellent strength-to-weight ratio of glass fibers, and the exceptional durability of polymeric resins
to improve mechanical performance and durability of CFFT columns.
The development of this system has been enabled by recent advancements in the
manufacturing of small-diameter metallic fibers. Such advances have led to the advent of a
promising class of hybrid composite materials with metal/non-metal fibers. These composites are
well suited for applications where damage tolerance, elastic stiffness, or fatigue resistance are key
performance criteria. Several studies have investigated the manufacturability and mechanical
performance of hybrid composites at the material-level. Callens and Verpoest [66] investigated the
micro-mechanical and bond characteristics of steel fibers and polymeric resins and found that the
unidirectional steel fiber composites could reach failure strains approximately three times larger
than typical glass or carbon fiber composites.

McBride et al. [67] studied the mechanical

performance of hybrid composites with unidirectional steel and glass fibers and developed a simple
stress-strain relationship for the composite material. O’Brien and Zaghi [68] tested several samples
with off-axis steel and glass fibers, evaluated the applicability of continuum damage models to the
material, and developed a constitutive model to predict the hysteresis stress-strain responses of the
hybrid composites. To ensure that introducing steel fibers did not adversely impact the durability
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of the composite material, O’Brien et al. [69] evaluated the mechanical performance of composite
coupons exposed to extremely corrosive environments and concluded that the epoxy resin
successfully protected the reinforcing steel fibers. This body of literature shows the distinct
advantages of hybrid composites as a promising durable construction material. Currently, the price
of the metal fibers is the controlling agent in the price of the hybrid composites, which has limited
their use to high-end application such as aerospace industries. It is anticipated that the price of the
metal fibers will drop over time with the expansion of manufacturing capabilities to the extent
where the large-scale application of the hybrid composite material in construction becomes
economically justified.
In this study, the hybrid FRP shell was manufactured by adding layers of longitudinal steel
fibers between the layers of glass fibers during the filament winding procedure, which is
commonly used manufacturing method for FRP tubes. The manufacturing techniques for
commercially available filament wound tubes for piping were adapted to form the hybrid shells,
as these pipes have been used in several research studies for the construction of CFFT systems [2225].

These pipes have glass fibers oriented at ±55° with respect to the longitudinal axis. Literature

suggests that a fiber angle of ±55° provides both flexural and shear strength, as well as confinement
for the concrete core.
To evaluate the structural performance of the proposed system, two CFFT and four hybrid
CFFT (HCFFT) specimens were tested under half-cyclic four-point bending loads, following the
approach used in previous research on CFFT systems [7,15,18,26-30]. The specimens had circular
cross-sections with a concrete core diameter of 163 mm and a length of 1.52 m. Two different end
conditions were tested to investigate the effect of common end fixities for CFFT bridge columns.
The specimens were fully instrumented to compare both global and local responses. The flexural
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capacity, re-centering characteristics, reduction in stiffness, and energy absorption of the CFFT
and HCFFT specimens were compared. At the end, a series of moment-curvature analyses were
performed to quantify the contribution of the concrete core when it is allowed to slide inside the
tube after their bond is broken. It is anticipated that the results and observations of this research
will inform future studies on hybrid composites as a promising class of construction materials for
use in civil infrastructure.
3.3

Experimental Program

3.3.1 Description of the Experimental Program
Two CFFT and four HCFFT specimens, each with a concrete core diameter of 163 mm and a
length of 1.52 m, were constructed and tested under half-cyclic four-point bending loads. The
loading points were 457 mm apart. Three different quantities of steel fiber reinforcement in the
shell were evaluated; zero, three, or five layers. This corresponds to reinforcement ratios of 0%,
0.50%, or 0.86%, respectively as defined by the ratio of cross-sectional areas of steel reinforcement
and the concrete core. The shells for each of the test specimens were constructed according to the
manufacturing procedure for Red Thread® II FRP pipe, which is widely used in petrochemical
and offshore industries as pipes. The tube has 10 layers of glass fiber reinforcing oriented at ±55°
with respect to the longitudinal axis.
Specimens with two different end conditions were tested to simulate end fixities from
common designs and construction methods for CFFT columns. In bridge construction, CFFT
columns are typically embedded into the footing to provide base fixity. There are two common
approaches to connect the column to the cap beam; by insertion into a grouted pocket [70], or via
a shear pin [24,25]. The grouted pocket connection prevents differential longitudinal movements
between the outer FRP shell and the concrete core. This restricted end condition was simulated by
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casting high strength concrete caps at the ends of the specimens that prevented relative deformation
of the concrete core and the shell. In contrast, the shear pin end condition allows for relative
displacements between the shell and the core. This was simulated by leaving the ends of the
specimens free. Due to the symmetry of the specimens, the rotation at midspan is zero, which can
be assumed to represent the fixed base of a column for all test specimens.
Figure 3-1 shows the capped and uncapped specimens in the experimental setup. Table 1
presents the details of the test specimens and the naming convention used in this study. The Test
IDs for the specimens (first column, Table 1) were labelled in two parts. The first part represents
the number of layers of steel fiber reinforcing and the second part signifies the end condition. In
addition, this paper will refer to the 0S (all glass) specimens as CFFTs and the 3S and 5S (hybrid)
specimens as HCFFTs.

a)

c)

b)

d)
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Figure 3-1. Loading conditions for the four-point bend specimens showing the schematics for the a)
uncapped and b) capped specimens and the experimental loading setup for the c) uncapped and d) capped
specimens.

Table 3-1: Details of test specimens.
Test ID

Hybrid Shell Thickness,
mm

Steel Reinforcement

0S-Uncapped
3S-Uncapped
5S-Uncapped
0S-Capped
3S-Capped
5S-Capped

3.7
4.2
5.0
3.2
4.7
5.5

N/A
Fibers
Fibers
N/A
Fibers
Fibers

Steel Fiber
Reinforcement Ratio,
%
N/A
0.50
0.86
N/A
0.50
0.86

3.3.2 Manufacturing of the FRP Shells
The FRP pipes were manufactured in Little Rock, Arkansas by NOV Fiber Glass Systems, a
leading producer of filament wound pipe for applications in the oil and gas, chemical, industrial,
marine, and offshore industries [53]. The all glass FRP shells were manufactured by filament
winding following the procedure for Red Thread® II FRP pipe. In this process, the glass fibers are
fed through an epoxy resin bath and deposited on a rotating steel mandrel. A full pass of the fiber
carriage results in one layer of glass fiber reinforcement oriented at +55° and one layer at -55°. In
the filament winding process, the desired fiber angle is achieved using a CNC machine to control
the rotation of the mandrel and the travel of the fiber carriage.
The hybrid FRP shells were manufactured by adding layers of longitudinal steel fibers
during the filament winding procedure. The steel fibers are a continuous unidirectional Type 316
stainless steel alloy with a 30-μm diameter. The individual steel fibers are combined with a white
polyethylene succinate cross yarn to form a weave. The roll of the fiber weave and a close-up
view of the weave are shown in Figure 3-2. The fibers were provided by N.V. Bekaert S.A., a
leader in steel wire transformation and coating technologies [71]. The weave has an areal density
of 570 g/m2.
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Figure 3-2. Longitudinal stainless-steel fibers used in FRP shell for HCFFTs.

The steel fibers were added to the shell during the filament winding procedure by pausing
the fiber carriage. A layer of longitudinal steel fibers was then wrapped around the glass fibers that
were previously deposited on the mandrel (Figure 3-3a). Additional epoxy resin was applied over
the steel fibers to ensure thorough wetting (Figure 3-3b). Once the additional resin was applied to
the steel layer, the glass fiber carriage was re-started and continued to place layers of glass fibers
over the steel (Figure 3-3c). This process was repeated until the desired numbers of steel and glass
layers were achieved. A final section cut showing the layers of steel fibers in the hybrid shell is
shown in Figure 3-3d.
a)

b)

c)

d)

Figure 3-3. Manufacturing procedure for hybrid FRP pipes showing the a) laying down of steel fibers b)
placing of additional epoxy resin, c) winding of glass over steel fibers, and d) cutting of the cured hybrid
shell to show the layers of steel fibers.

3.3.3 Casting of the CFFT and HCFFT Specimens
3.3.3.1 Concrete Core
The FRP shells were cast at the University of Connecticut Structures Laboratory using a batch of
ready-mix normal strength concrete from a local supplier. The maximum aggregate size was 9.5
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mm with a design strength of 24.1 MPa. Prior to casting, the FRP shells were grouped together
and secured with ratchet straps. The bottom edge of each shell was sealed. The shells before and
during casting are shown in Figure 3-4.

c)

a)

b)

d)

Figure 3-4. Casting of bending specimens including a) securing the FRP shells together with straps and
caulking the shells to plywood, b) depositing concrete from the truck in a wheel barrow for casting, c)
showing the unfilled FRP tubes prior to casting, and d) filling the shells by hand.

3.3.3.2 End Caps
The end caps for the fixed end condition specimens were formed with ultra-high performance
concrete (UHPC). The embedment length for each cap was approximately one diameter of the test
specimens. It was anticipated that the superior bond characteristics of UHPC would prevent
extrusion of the concrete core under loading. The process for forming and casting the UHPC caps
is shown in Figure 3-5.
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a)

d)
c)
b)
Figure 3-5. Casting of UHPC end caps for bending specimens including a) formwork, b) specimens in
formwork, c) UHPC pour, and d) final view of the cured cap.

3.3.4 Material Properties
The material properties of the glass fibers were reported by the manufacturer. Owens Corning
AdvantexⓇ Type 30Ⓡ rovings were used as the glass reinforcing in the shell. The reported tensile
strength and strain based on ASTM D3822 [72] were 4,050 MPa and 3%, respectively. The reported
tensile modulus was 82 GPa [73].
Material testing was conducted for the concrete cylinders and individual steel fibers.
Concrete cylinders with a 76-mm diameter and 152-mm height were prepared according to ASTM
C39 [54] from the regular strength concrete batch (concrete core) and the UHPC batch (end caps).
The cylinders cured in the same location as the CFFT specimens to ensure similar temperature and
moisture conditions. The normal strength concrete cylinders were tested at three intervals; at 28
days, on the day of testing the uncapped CFFT, and on the day of testing the capped CFFT. The
average compressive strengths were 34.9 MPa, 43.7 MPa, and 45.0 MPa, respectively. The tests
for the capped and uncapped specimens occurred at different times, therefore cylinders were tested
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on both dates to ensure comparable concrete core strengths. The compressive strength of the UHPC
on the day of testing the capped specimens was 122 MPa.
Seven single fiber tension tests were conducted on the stainless-steel fibers using a Texas
Instruments DMD Q800 dynamic mechanical analyzer system. The samples had an average and
ultimate strain of 11%. The stress-strain relationships for the steel fibers and the values for the
initial stiffness, yield strength and tensile strength are shown in Figure 3-6.

Figure 3-6. Stress-strain relationships for steel fibers.

3.4

Test Procedures and Instrumentation

The instrumentation schematics for the uncapped and capped specimens are shown in Figure 3-7a
and b, respectively. All test specimens were loaded with a spherical bearing to prevent developing
an unbalanced moment from minor misalignments in the test setup. The overall force was
measured using a 2224 kN capacity load cell installed on the loading beam. The overall
displacement of the loading platen was measured by a 50-mm stroke displacement transducer.
Local displacements along the length of the specimens were measured using seven displacement
transducers. The three central transducers had strokes of 100 mm. The four transducers at the outer
loading points had strokes of 75 mm. Two pairs of transducers were installed on the bearings to
measure ends rotations. The displacement measurements were recorded at the longitudinal
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centerline of the specimens. This was accomplished by measuring the displacements of L-shaped
aluminum extender tabs that were epoxied to the specimens along the centerline as shown in Figure
3-7. Four additional displacement transducers were attached to the capped specimens to measure

the slip of the UHPC caps. These transducers were placed on the tension and compression sides of
the specimens and had strokes of 50 mm.
a)

b)

Figure 3-7. Instrumentation for the a) uncapped and b) capped four-point bending specimens.

Local strains on the shell were measured using strain gauges. Triaxial strain gauges were
placed at the center of the specimens on both the tension and compression sides to measure strains
in the hoop and longitudinal directions. Two additional rosettes were placed halfway between the
outer and inner loading saddles, along the longitudinal centerline of the specimen. The rosettes
had gauges at angles of 0°, 45°, and 90° with respect to the longitudinal axis. Four uniaxial strain
gauges were placed along the tension side of the specimen to record the variation in longitudinal
strain along this column face. All strain gauges had gauge lengths of 5 mm. All gauges for the
capped specimens were placed on individual 76 mm x 76 mm extra soft aluminum sheets. This
was to reduce the likelihood of the gauges breaking when cracks formed in the epoxy resin. This
approach was implemented following the observations from the uncapped tests, where multiple
gauges broke early on due to the formation of microcracks in the shell. The aluminum backings
were epoxied to the shell using a G/flex two-part adhesive. The strain gauges were installed on the
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aluminum, per the gauge manufacturer’s directions. A bending specimen with the aluminum
backings attached prior to strain gauge placement is shown in Figure 3-8a. A close-up view of a
strain gauge rosette is shown in Figure 3-8b.
Hoop Gauge

a)
b)

Longitudinal
Gauge

45°
Gauge

Figure 3-8. Representative capped bending specimen showing a) aluminum backings installed on the
tension side of specimens for uniaxial and rosette gauges and b) triaxial strain gauge installed on
aluminum backing.

The specimens were tested in a Satec 1780 kN hydraulic testing machine. The specimens
were preloaded to 9 kN to ensure a full engagement of the test setup. In the first cycle, the
specimens were loaded to 3.5 mm using a displacement-controlled load application at the rate of
1.25 mm/min and unloaded to 4.5 kN at the same rate under a force-controlled load reduction. In
the second cycle, the specimens were loaded to 7 mm using a displacement-controlled load
application at the same rate and unloaded again to 4.5 kN. Subsequent loading cycles continued
with increasing displacement targets of 7 mm. All cycles were unloaded to 4.5 kN to ensure the
loading beam did not disengage upon unloading. Loading continued until the displacement
capacity of the test setup was reached.
The displacement steps corresponded to increasing drift targets by 1% for each loading
cycle. Drift is defined as the ratio of the relative vertical displacement at the center of the specimen
to the distance between the center of the specimen and an outer loading saddle. A schematic
showing how drift was calculated using the transducers from the experiments is shown in Figure
3-9. The length between the supports, L, was equal for the uncapped and capped specimens. This
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definition of drift accounts for any vertical deformation of the saddles. Using drift as a
measurement allows the results to be directly compared to experiments of other scales.

Figure 3-9. Schematic showing calculation of drift for column specimens.

3.5

Experimental Results

3.5.1 Deformed Shape of Test Specimens
The experiments were terminated when the displacement capacity of the test setup was reached.
None of the specimens experienced damage to the tube in terms of fiber rupture. Figure 10 shows
the deformed shapes for the uncapped and capped specimens during the final loading cycle, which
corresponds to a displacement of approximately 89 mm at midspan, i.e. 13% drift.

a)

b)

Figure 3-10. Representative deformed shapes for a) uncapped and b) capped specimens during the final
loading cycle at a midspan deflection of approximately 89 mm or 13% drift.
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While there were no visible signs of fiber rupture, the FRP shells experienced damage
before the displacement capacity of the test setup was reached. Fine cracking in the matrix (Figure
3-11a) began at the center of the tension face of the shell at approximately 1.70% longitudinal

strain, which corresponded to drift ratios of 6.8% and 4.5% for the uncapped and capped
specimens, respectively. After matrix cracking initiated, whitening of the glass fibers (Figure 3-11b)
began at approximately 2.75% longitudinal strain at the center of the specimens, which
corresponded to drift ratios of 11.9% and 7.0% for the uncapped and capped specimens,
respectively.

Initial matrix
cracks

Whitening of fibers
along fiber angle

Figure 3-11. Representative phases of cracking on the tension face of the column at midspan showing a)
initial matrix cracks at approximately 1.70% strain and b) whitening of the fibers at approximately 2.75%
strain.

The concrete core of the uncapped specimens extruded from the shell during loading. This
initiated early in the loading process and increased during subsequent loading cycles. This
movement of the core is associated with the formation of cracks in the concrete after the bond
between the core and the shell is broken. This mechanism is illustrated in Figure 3-12.
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Figure 3-12. Theoretical representation of the concrete core extrusion under four-point bending for
uncapped specimens.

This phenomenon resulted in a permanent extrusion of the concrete core in the uncapped
test specimens. However, in the capped specimens, this was prevented due to the presence of the
UHPC caps. Representative images during the final loading cycle are shown for an uncapped and
capped end in Figure 3-13a and b, respectively. On average, the concrete core in the uncapped
specimens extruded approximately 9.5 mm on one side during the final loading cycle. For the
capped specimens, a black line was drawn on the surface of the FRP shell at the initial intersection
with the UHPC cap. This line was used as a reference to show any visible pushout of the specimen
from the cap during testing. All capped test specimens showed negligible movement between the
tube and caps. These experiments demonstrate the capability of the system to resist large
deformations without any sign of failure in the FRP shell. In addition, comparing the performance
of the CFFTs and HCFFTs proved that the addition of steel fibers does not impair the integrity of
the shell.
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a)

b)
Reference line indicating
initial intersection of end
cap and specimen prior
to testing

Figure 3-13. Representative examples of extrusion of concrete core at the conclusion of testing for a)
uncapped and b) capped specimens.

3.5.2 Load-Drift Relationships
The half-cyclic load-drift responses are shown in Figure 3-14 for all specimens. The load-drift
backbone curves are shown in Figure 3-15. The results show that an increase in steel fiber
reinforcement ratio results in higher peak loads. The increases in peak load for the 3S-Uncapped
and 5S-Uncaped specimens compared to the 0S-Uncapped specimen at 10% drift were 20.2% and
44.2%, respectively. The increases in peak loads for the 3S-Capped and 5S-Capped specimens
compared to the 0S-Capped specimen were 36.4% and 49.1%, respectively.
In all cases, the capped specimens had significantly larger flexural capacities than the
comparable uncapped specimens.. Capping the 0S, 3S, and 5S specimens resulted in capacity
increases of 41.0%, 60.1%, and 45.9% at 10% drift, respectively.
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a)

b)

c)

d)

e)

f)

Figure 3-14. Half-cyclic load-drift relationships at mid-span under four-point bending for specimens a)
0S-Uncapped, b) 3S-Uncapped, c) 5S-Uncapped, d) 0S-Capped, e) 3S-Capped, and f) 5S-Capped with
cycle 6 highlighted red.

Figure 3-15. Load-drift backbone relationships at mid-span for all specimens under four-point bending.

Loading cycle six is highlighted for each specimen in Figure 3-14 to show the general
shape of the hysteresis curves. The load-relative drift relationship for this cycle is then plotted in
Figure 3-16 for each specimen. The curves clearly show that initial stiffness increases due to both
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the addition of steel fibers and restriction of differential displacements through capping. The
increase in stiffness due to the addition of the steel fibers was anticipated as steel material has a
higher stiffness compared to the glass fibers and epoxy matrix. For specimens with the same end
condition, the area enclosed by the load-relative drift curve increases with the addition of steel as
the stiffness of the loading curve is higher, and the unloading curve becomes more rounded. In the
uncapped specimens where crushing of the concrete core is minimal, the hybrid specimens
demonstrate a distinct change in the slope due to yielding of the steel fibers. This is not as prevalent
in the capped specimens as the crushing of constant leads to a more gradual reduction in stiffness.

Figure 3-16. Load-relative drift response for all specimens at mid-span during cycle 6 of loading.

3.5.3 Energy Dissipation
Energy dissipation was calculated by integrating the area enclosed by the load-displacement
hysteresis curves. The energy dissipated for each specimen is shown in Figure 3-17. The results
show that increasing the steel reinforcement ratio increases the amount of energy dissipated for
comparable end conditions. This increase is due to the inherently large energy absorption capacity
of the steel material in the FRP shell. At 10% drift, the 3S-Uncapped and 5S-Uncapped specimens
experienced increases in energy dissipation of 37.0% 64.7% compared to the 0S-Uncapped
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specimen, respectively. The 3S-Capped and 5S-Capped specimens dissipated 63.4% and 85.7%
more energy compared to the 0S-Capped specimen, respectively.

Figure 3-17. Energy-drift relationships for all specimens tested under four-point bending.

Capping the ends of the specimens also impacted the amount of energy dissipated. In all
cases, the capped specimens experienced higher energy dissipation compared to the uncapped
specimens. This is due to the caps preventing pushout of the core, which results crushing of
concrete in the compression zone. Capping the ends of the specimens resulted in increases of
40.0%, 67.0%, and 57.9%, for the 0S, 3S, and 5S specimens at 10% drift, respectively.
3.5.4 Residual Drift
The maximum residual drifts after each unloading cycle at midspan are shown in Figure 3-18. The
contributing factors for residual drift come from the main energy dissipation mechanisms for the
specimens, which include crushing of the concrete core and plastic deformation of the steel fibers.
For the CFFTs, the uncapped specimen experienced lower residual drifts compared to the capped
specimen. In the specimens without steel fibers, the residual drift is mainly due to concrete
crushing, which is irrecoverable.
Increasing the amount of steel fiber reinforcement in the shell resulted in larger residual
drifts for both the uncapped and capped specimens. This increase is due to the permanent
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deformation caused by the yielding of the steel fibers in the HCFFTs. The uncapped HCFFT
specimens experienced higher residual drifts than the capped specimens. The experimental
observations suggest that residual drift for HCFFT bridge columns may be reduced by embedding
both ends of the element in the superstructure and foundation in situations where the design allows.

Figure 3-18. Residual displacement-drift relationships for all specimens tested under four-point bending.

The displacement readings from the seven transducers along the length of the column
validate the residual drift readings taken at midpoint of the test specimens. Readings after
unloading cycle 6 are shown in Figure 3-19a and b for the uncapped and capped specimens,
respectively. The curves follow the same trend as those from the residual displacements taken at
midpoint. These results show that while the addition of steel fibers increases the energy absorption
capacity of the specimens, it comes at the expense of a modest increase in residual deformation.

a)

b)
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Figure 3-19. Residual displacement at transducers along the length of the column after loading cycle 6 for
a) uncapped and b) capped specimens.

3.5.5 Damage
Damage is quantified by the reduction in stiffness of the load-displacement hysteresis curves for
the specimens in subsequent loading cycles [74]. An experimental curve showing sample values
used in the damage coefficient calculation is shown in Figure 3-20. The virgin stiffness is
represented by the arbitrary notation, 𝐴0 , and is equal to the slope of the line connecting the initial
loading point to the peak load in the first cycle. The first peak load point was chosen to represent
the virgin stiffness as the early cracking of the concrete core at small loads during the first loading
cycle significantly reduced the stiffness of all specimens. Therefore, using the initial elastic slope
prior to cracking would result in artificially high damage coefficients. 𝐴𝑖 is used to note the
damaged stiffness, which is taken as the slope between the loaded and unloaded points for each
cycle. The damage coefficient, 𝐷𝑖 , relates the reduction in stiffness for loading cycle i to the virgin
stiffness and varies from zero to one.

Initial cracking
of the concrete
core

Figure 3-20. Sample of values for slopes and definition of damage parameter.

The damage coefficients for the specimens at the end of each loading cycle are shown
in Figure 3-21. The damage was lower for the capped specimens compared to the uncapped
specimens because in the uncapped specimens, the concrete core is pushed further out of the
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shell at each loading step. In consecutive loading cycles, the core does not contribute to the
stiffness until the crack is closed and the core is engaged again.
Increasing the steel fiber reinforcement ratio in the uncapped HCFFT specimens
resulted in lower damage coefficients. The HCFFTs benefit from the distinctive characteristic
of steel material where the unloading stiffness is the same as that of the initial elastic modulus.
This results in less severe reductions in stiffness for the HCFFTs throughout the loading cycles
compared to the CFFTs. The damage coefficients for the capped HCFFT specimens did not
noticeably depend of the amount of the steel reinforcing in the shell. It is anticipated that the
contribution of the concrete core overshadowed the impact of including steel fibers. In general,
adding steel fibers reduces damage in the composite due to the hybrid effect of combing
materials that experience notable stiffness reduction (glass FRP) with those that don’t (steel).

Figure 3-21. Experimental damage-drift relationship.

3.5.6 Local Strain Measurements
3.5.6.1 Longitudinal Gauges
Strain gauge data was collected during the tests to compare the local responses of the specimens
and help to determine the location of the neutral axis. The load-longitudinal strain responses at
midpoint on the tension and compression faces of the specimens are shown in Figure 3-22. The
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maximum and minimum strain responses correspond to the longitudinal gauges on the bottom
(tension face) and top (compression face) of the specimens, respectively. The results are shown
through run seven for each specimen as all gauges were intact at this point. The addition of the
steel fibers did not noticeably impact the peak strains experienced by the CFFT and HCFFT
specimens; however, the residual strains were increased.

a)

b)

c)

d)

e)

f)

Figure 3-22. The longitudinal load-strain relationships at midpoint under half-cyclic four-point bending
on the tension and compression faces for specimens a) 0S-Uncapped, b) 3S-Uncapped, c) 5S-Uncapped,
d) 0S-Capped, e) 3S-Capped, and f) 5S-Capped.

Capping the specimens resulted in significantly larger peak strains on the tension face for
all quantities of steel fiber reinforcement. On average, the ratios between the peak compressive
and peak tensile strains after load cycle 7 for the uncapped and capped specimens are 0.80 and
0.41, respectively. The larger strain ratio for the uncapped specimens indicates that the
compression and tension faces experience comparable strain values. The extrusion of the concrete
core from the shell, and the lower strains on the tension side of the uncapped specimens are
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evidence that the initial bond between the shell and the core breaks early in the testing process.
Thus, the neutral axis of the shell remains close to the centroid of the specimen, which is the
expected behavior of a non-composite shape. The smaller ratio for the capped specimens suggests
that the system behaves similarly to a composite where the concrete core and shell act together
and the neutral axis shifts towards the compression side of the member.
The readings from the five longitudinal strain gauges along the tension face of the
specimens are shown in Figure 3-23 for loading cycle 6. Figure 3-23a and b show the strain
readings at the loaded and unloaded conditions, respectively. The addition of the steel fibers has
no notable impact on the peak strains when comparing specimens with the same end condition.
This was anticipated as the strain is dependent on curvature, which is similar for all specimens
with the same end condition due to the displacement-based loading protocol.

a)

b)

Figure 3-23. Strain at gauges along the tension side of the column for Loading Cycle 6 a) at peak load,
and b) after unloading.

3.5.6.2 Longitudinal-Hoop Strain Relationships
Strain gauge data was used to evaluate the hoop strains on the shell and confining action on the
core. The hoop-longitudinal strain gauge relationships from the rosettes on the compression face
of the specimens at midspan are shown in Figure 3-24. This figure shows a clear distinction
between the response of the capped and uncapped specimens. The slopes of strain ratios for the
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capped specimens are steeper, i.e. at equal longitudinal strains, the capped specimens experience
higher hoop strains. On average, the capped specimens had approximately 27% higher strain ratios
compared to the uncapped specimens. The higher hoop strains suggest that the specimens with a
capped end condition experience larger confining pressures. This observation is compatible with
the earlier results showing that the concrete core is not subjected to large compressive forces in
the uncapped specimens.

Figure 3-24. Hoop-longitudinal strain relationships on the compression face at midspan.

3.6

Analytical Verification

Comparison of the data from capped and uncapped specimens demonstrates that the concrete core
was not fully engaged inside the FRP tube after the bond between the two was broken in the early
cycles of the loading. Yet, the presence of the friction at the interface of the core and the tube may
result in a partial contribution of the concrete core. In an attempt to investigate this phenomenon,
moment-curvature analysis was used to quantify the partial contribution of the core in uncapped
specimens. In addition, the models were used to simulate the behavior of the HCFFT specimens.
OpenSees was used in the analytical study to provide a method to estimate the moment capacity
of HCFFTs and verify the experimental findings that the uncapped specimens do not fully utilize
the concrete core while the capped specimens do. The moment-curvature relationships for the
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specimens were found using the modeling approach suggested by Zhu et al. [75] and verified by
Zaghi et al. [25]. The specimens were modeled using fiber sections where the FRP shell was
represented by ‘‘uniaxialMaterial Hysteretic’’ and the steel fibers were modeled using
“uniaxialMaterial Steel02”. The hybrid shell was simulated by defining an equivalent area of steel
in the form of small-diameter bars on the outer edge of the concrete core. The concrete was
represented by the Teng et al. [76] confinement model and was applied as “uniaxialMaterial
Concrete02”. For the purpose of brevity, details of the model are not introduced here. The
information on the material modeling parameters are presented by Hain et al. [77].
The experimental curvature was calculated using the data from the longitudinal strain gauges
at midspan by dividing the summation of the absolute values of the tensile and compressive strains
by the outer diameter of the specimens. The moment-curvature relationships for the uncapped and
capped and test specimens are shown in Figure 3-25a and b, respectively. For the uncapped
specimens, the concrete core strength was modified using a reduction factor. It was found that by
using 25% of the actual strength of concrete, the effect of partial-composite behavior may be
captured in the models. Figure 3-25a shows the comparison of the analytical and experimental
moment-curvature relationships for the uncapped specimens. The proposed analytical modeling
approach is able to capture the capacity increase due to the presence of the fibers. The analytical
and experimental results are in good for both end conditions. These findings validate the
assumption that in the uncapped specimens the strength of the concrete core is not fully utilized.
The similarity between the analytical and experimental capacities suggest that this approach may
be used for a preliminary design of CFFT and HCFFT members.
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a)

b)

Figure 3-25. Experimental and analytical moment-curvature relationships for a) uncapped and b)
capped specimens.

3.7

Discussion

This study investigates a novel CFFT system with a glass/steel fiber reinforced shell. The test
results showed that using the hybrid shell successfully increased the energy absorption capacity of
the system. It was found that intruding ductile steel fibers into the GFRP shell does not lead to
premature failure due to debonding or early rupture of fibers. This hybridization simplifies
construction by removing the need for rebar, while providing the benefits of steel reinforcement.
Specimens with two different end conditions were tested to investigate the effect of
common end fixities for CFFT bridge columns. The objective was to show the difference in
performance of CFFTs with end conditions that influence the longitudinal movement of the core.
One of the predominant impacts of the end condition was the simulated composite action between
the concrete core and the shell for the capped specimens. This resulted in a greater contribution of
the shell, evidenced by comparing the tensile strains on the bottom face of the capped and
uncapped specimens. It is important to note that the simulated composite action due to the end
caps provides compatible displacements of the concrete core and the shell. However, strains on
the core were not measured directly, so compatible strains cannot be inferred. To investigate the
effect of true composite action, various methods of improving the bond between the shell and the
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core including roughening the inner surface of the tube as well as mechanical connectors must be
investigated in future studies.
For the uncapped specimens, the strains on the tension and compression faces were
relatively symmetric. Thus, the concrete core and shell move independently, and the neutral axis
of the shell remains close to the centerline after the initiation of cracking. This results in the shells
of the uncapped specimens experiencing lower tensile strains at equal drifts compared to the
capped specimens. Allowing slippage between the core and shell may be beneficial in situations
where the designer needs to minimize the strains on the shell at the expense of the capacity.
However, one needs to consider that for the HCFFT systems, sufficient strain in the shell is
required to yield the steel fibers in order to benefit from the energy absorption capabilities of the
steel material. Therefore, end condition may be considered as a design parameter to achieve higher
capacities or lower strains.
While this study gives preliminary insight into the behavior of this system, further research
is required to close the gap in knowledge on the system-level performance of hybrid composites
as structural elements. Large-scale experimental testing is required to evaluate the performance of
the system under combined lateral and axial load to replicate the loading environment of bridge
columns.
3.8

Summary and Conclusions

This paper proposes a novel HCFFT system that includes longitudinal steel fibers within the
prefabricated FRP shell to address the shortcoming of conventional CFFTs in terms of energy
absorption capacity. Two CFFT and four HCFFT specimens were tested under four-point bending
to compare the flexural capacity, residual displacements, reduction in stiffness, and energy
absorption capacities of the systems. Two end conditions were tested to simulate common end
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fixities for CFFT bridge columns. Based on the experimental results of this study, the following
conclusions are drawn:
1. All tested specimens reached drifts of approximately 12%, which substantially surpasses
the design requirements for application in high-seismic regions. The drift capacity and
energy dissipation capabilities of the HCFFT elements suggest this system is a promising
option for use in seismic regions.
2. The increase in steel fiber reinforcement in the shell resulted in less significant reductions
in stiffness between loading cycles for the HCFFTs in comparison to the CFFT specimens.
3. Increasing the amount of steel fiber reinforcement in the shell increases the residual drift
of the columns. Therefore, the quantity of the steel fiber reinforcement must be optimized
for specific energy dissipation and recentering performance criteria.
4. Constraining the longitudinal movement of the core shifts the neutral axis towards the
compression face of the specimen. On the other hand, when the core and shell work
independently, the neutral axis remains near the centerline of the specimen.
5. The results indicate that the capping of the specimens results in an increase in energy
absorbed between 40-67% due to crushing of the concrete core, dependent on the quantity
of steel fiber reinforcement
6. The capped specimens experienced higher ratios of hoop to longitudinal strain on the
compression side of the column compared to the uncapped specimens, which suggests that
the end condition of columns impacts the generated confinement pressure.
7. The moment capacity of CFFT’s and HCFFTs with various end conditions can be estimated
in OpenSees using the modeling approach proposed by Zhu et al. [75]. For the uncapped
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end condition, the concrete strength should be taken as 25% of the actual strength to reflect
the limited contribution of the core when it is allowed to slide in the tube.
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4 Feasibility of Steel Beam to CFFT Column Connection
4.1

Overview

The concrete-filled fiber-reinforced polymer (FRP) tube (CFFT) system has been widely studied
as a durable alternative design to conventional reinforced concrete (RC) for the new construction
of columns. Despite the superior structural performance of this column system in terms of
durability and ductility, its application in building construction is limited due to a lack of viable
options for connecting beams to the CFFT. To this end, this study proposes a shear connection for
a circular CFFT column and a steel I-beam. The connection consists of a curved end plate with a
shear tab, which is attached to the CFFT using commercially available anchor bolts. This study
details the experimental results from three connection assemblies tested under half-cyclic loading.
The design of the connections varied based on anchoring system and installation torque. Two types
of anchoring systems; adhesive and expansion, were studied to attach the end plate to the CFFT
column. The performance of each system was evaluated in terms of ease of construction, capacity,
moment-rotation response, and end plate separation. The connection with adhesive anchors
exhibited higher stiffness, smaller rotations, and substantially smaller end plate separations
compared to the specimens with expansion anchors. All connection assemblies exhibited high
shear capacities and the FRP shell eliminated concrete breakout failure. A method for estimating
the capacity of the connection details is presented. The findings may inform future research on
beam-column connection for CFFTs.
4.2

Introduction

Concrete filled fiber reinforced polymer (FRP) tubes (CFFTs) present a viable alternative column
system to conventional reinforced concrete (RC) for new construction. A CFFT consists of two
components: the prefabricated FRP tube and the concrete core. Several studies have demonstrated
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the superior durability and ductility of CFFT columns compared to RC columns [3,4,23,25,65,78-80].
Hadi et al. [80] compared the performance of CFFT and RC columns under axial load. The results
showed that that CFFT specimens experienced higher ductility under both concentric and eccentric
loading compared to the RC columns. Zaghi et al. compared the seismic performance of a CFFT
and an RC column through shake table testing [25]. At 4% lateral drift, the RC column exhibited
losses of 52.0% and 27.9% in axial strength and ductility, respectively, while the CFFT system,
had corresponding losses of 0.35% and 0.33% [23]. Echevarria et al. evaluated the axial load
carrying capacity of CFFT and RC columns following exposure to blast and fire [23,65,81]. The
blasts reduced the axial capacity of the RC columns by over 70% and caused premature shear
failure of the RC column, while the axial capacity of the CFFT columns remained the same.
Additionally, the blast-damaged CFFTs had an average axial ductility 9.49 times larger than the
blast-damaged RC columns. When exposed to fire, the RC columns exhibited losses of 15.4% and
26.6% in axial capacity under 1 and 2-hour exposure, respectively. The corresponding CFFTs with
a fire proactive shell exhibited no notable losses in axial capacity.
Despite the superior structural performance of this column system, its application in building
construction is limited due to a lack of viable options for connecting beams to the CFFT. To this
end, this study proposes a shear connection for a circular CFFT column and a steel I-beam. The
connection consists of a shear tab welded to a curved baseplate which is then fastened to the
column using anchor bolts. The experimental program included three connection details which
varied based on anchor type and installation torque. Commercially available filament wound tubes
were used as the column shell. These pipes have been used in several research studies for the
construction of CFFT systems [22-25]. Both adhesive and expansion anchor bolts were studied to
investigate different resistance mechanisms and methods of installation. Half-cyclic loading was
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used to explore the stiffness degradation of the connection. The results show that the proposed
shear connection is a promising option for application in gravity frames.
4.3

Development of the Connection Design

While the performance of splices and joints on CFFTs have been previously investigated [82-84],
to-date, there have been no published studies investigating the connection between steel beams
and CFFT columns. This type of connection detail has multiple challenges including the 1) lack
of weldability of the FRP shell, 2) lack of access to the interior of the column, and 3) curved surface
of the column. While there are no directly related studies, research on connections for steel beams
to concrete filled steel tubes (CFTs) was used to inform the design of the connection for CFFTs.
CFT columns consist of a prefabricated steel casing filled with concrete. The steel shell of
the CFT raises similar construction difficulties as the FRP tube in CFFTs such as limited access to
the inside of the shell and the curved surface. Several studies have investigated methods of
attachment to the curved surface of CFT columns including a curved end plate, a shear tab welded
directly to the steel casing, a slot cut in the steel tube to match the beam dimension, through-bolt
connections, and internal or external diaphragm plates [85-90]. Nevertheless, many of the proposed
connection methods involve welding to the steel casing, which is not applicable for CFFTs.
Blind fasteners are a widely studied connector type which do not require welding. Several
studies indicate that a semi-rigid, full strength connection may be achieved using blind fasteners
in CFT-steel beam connections [86-88,91,92]. In addition, this method only requires access to one
side of the connection which improves constructability. Blind bolts work by inserting the bolt in a
pre-drilled hole and tightening, which causes the expander to collapse and hold the blind side while
the collar creates a seal on the exposed side. In CFTs, the bolts are installed prior to filling the
casing with concrete. The bolts attach directly to the outer shell, which results in a large clamping
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force. This may limit the use of these connectors on CFFTs due to the risk of locally crushing the
FRP shell.
By extending the anchorage system beyond the outer shell to engage to the concrete core,
the strength and stiffness of the connection increases and the shear demand on the shell decreases
[86,93].

Thus, anchor bolts provide a viable option for the CFFT system where the application of

blind bolts is not suitable. In addition, anchor bolt systems provide construction flexibility as they
do not require tight tolerances. Sugano [94] [24] as well as Ghobarah and El-Amoury [95] showed
that full fixity connections can be achieved between steel elements and concrete frames using both
adhesive and expansion anchors.
The final design for the steel beam to CFFT column connection is a curved end plate with
a shear tab, which is fastened to the column using anchor bolts. The objective was not to provide
a full moment connection, but to provide a simple option for a post-installed detail. The curved
end plate was chosen so the plate would be in full contact with the column surface. The steel beam
to shear tab connection is bolted to avoid the need for field welding. The final connection detail
prior to attaching to the column or steel beam is shown in Figure 4-1.
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Figure 4-1 Connection detail prior to installation showing a) side view and b) front view.

4.4

Experimental Program

4.4.1 Description of the Experimental Program
Three shear connection assemblies for steel beams to CFFT columns were tested under half-cyclic
loading. The test setup represented the loading of exterior beam-to-column joints in gravity frames.
The effect of the anchor type and installation torque were evaluated to determine if commercially
available anchor bolts can be utilized for connecting structural elements to a CFFT.
The overall experimental setup for the connection tests is shown in Figure 4-2. The CFFT
columns had a concrete core diameter of 407 mm, shell thickness of 8 mm, and height of 1,524
mm. The shells for each of columns were constructed according to the manufacturing procedure
for Red Thread HP16 FRP pipe, which is widely used in petrochemical and offshore industries as
pipes. The spacer beam, loading beam, and beam section attached to the connection are
commercially available W-shape steel sections. Four tie rods were used to anchor the loading beam
to the strong floor.
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Figure 4-2. Loading condition for connection test showing the a) schematic and b) experimental setup.
Figure 4-3 provides the details of the beam-to-column connections. The connection consists

of a shear tab welded to a curved end plate. The end plate is attached to the CFFT column using
anchor bolts. The web of steel beam is connected to the shear tab using bolts. All three connection
assemblies had the same test setup up. The anchor bolt type and installation torque were the
variables under investigation. The expansion anchors had a set embedment depth based on the
geometry of the bolts and the dimensions of the end plate. The embedment depth for the adhesive
anchors was chosen so the systems would have similar pull-out capacities. Table 4-1 summarizes
the details of the test parameters. Figure 4-3a shows the embedment of the anchor bolts into the
concrete core of the CFFT column section. The end plate was overdesigned in order to Investigate
the load resisting capacity of the anchor bolts and identify the mode of failure.
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Figure 4-3. Close up of connection zone in a) schematic and b) experimental setup.

Table 4-1. Information on test specimens.
Specimen ID

Anchoring System

Expansion 1
Expansion 2
Adhesive 1

Expansion
Expansion
Epoxy Adhesive

Anchor Diameter
(mm)
16
16
19

Embedment Depth
(mm)
108
108
127

Installation Torque
(N-m)
122
339
244

4.4.2 Determination of Loading Point
The offset of the load ram from the face of the column was chosen so the connection would not
experience more than 20% of the fixed-end moment, as is required for a simple connection [96].
To ensure this criterion, a target of 10% of the fixed moment was chosen. The offset, e, was found
by relating the shear at the beam end to the target moment as shown in Equation 4-1. This equation
results in the offset in terms of the beam length. For this study, a span of 8.4 meters was selected
to be representative of an office lobby. This resulted in placing the centerline of the load ram 140
mm from the face of the column.

𝑒=

𝑀𝑡𝑎𝑟𝑔𝑒𝑡
𝑉𝑒𝑛𝑑

Equation 4-1

where
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𝑀𝑡𝑎𝑟𝑔𝑒𝑡 = 0.1 ∗ 𝑀𝑓𝑖𝑥
𝑀𝑓𝑖𝑥 =

𝑤𝑙 2
12

𝑉𝑒𝑛𝑑 =

𝑤𝑙
2

4.4.3 Manufacturing and Material Properties of FRP Shells
The FRP pipes were manufactured in Little Rock, Arkansas by NOV Fiber Glass Systems, a
leading producer of filament wound pipe for applications in the oil and gas, chemical, industrial,
marine, and offshore industries [53]. The all glass FRP shells were manufactured by filament
winding following the procedure for Red Thread HP16 FRP pipe. In this process, the glass fibers
are fed through an epoxy resin bath and deposited on a rotating steel mandrel as shown in Figure
4-4. A full pass of the fiber carriage results in one layer of glass fiber reinforcement oriented at

+55° and one layer at -55°. In the filament winding process, the desired fiber angle is achieved
using a CNC machine to control the rotation of the mandrel and the travel of the fiber carriage.
The material properties for the FRP shells were reported by the manufacturer. The shells had a
reported ultimate compressive stress of 86.3 MPa, compressive modulus of 4,668 MPa, and hoop
tensile stress of 277 MPa [97].
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Figure 4-4. Filament winding manufacturing of FRP shells used in the CFFT column specimens.

4.4.4 Casting the CFFT Columns and Material Properties of Concrete
The FRP shells were cast at the University of Connecticut Structures Laboratory using a batch of
ready-mix normal strength concrete from a local supplier. The design strength was 31.0 MPa and
the maximum aggregate size was 19 mm. Prior to casting, the shells were placed on plywood and
the bottom edge was sealed using caulk. The casting process for the shells is shown in Figure 4-5.
Concrete cylinders with a 152-mm diameter and 305-mm height were prepared according to
ASTM C39 [54] from the regular strength concrete batch. The cylinders cured in the same location
as the CFFT specimens to ensure similar temperature and moisture conditions. The cylinders were
tested at 28 days and on the day of testing. The average compressive strengths were 38.6 MPa and
39.0 MPa, respectively.

Figure 4-5. Casting the CFFT columns including a) columns prior to casting, b) hopper filled with
concrete, c) hopper filling columns, d) filled column.

4.4.5 Manufacturing the Connection
The connection has two components; the curved end plate and the shear tab. The end plate was cut
from a steel pipe with an inner diameter of 432 mm and a thickness of 38-mm (Figure 4-6a). The
pipe was chosen as the inner diameter approximately matched the outer diameter of the CFFT. In
addition, the thickness of the pipe ensured that no damage would occur in the end plate, making
the assembly reusable in consecutive tests. As the end plate was reused in all tests, the fixture holes
were drilled to fit the maximum diameter required for the expansion anchors and adhesive anchors
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(Figure 4-6b). This resulted in six 25-mm bolt holes in a 102 mm x 102 mm pattern as shown in
Figure 4-6c. Prior to drilling the anchor holes, a 44-mm recess was drilled for each hole on the
outer surface of the curved end plate so the connectors would sit flat on the surface and remain
parallel when tightened. After the holes were drilled, groves on the concave face of the end plate
were formed to reduce slippage between the plate and the surface of the column. The grooves
allowed the end plate to bite into the shell upon loading to minimize the impact of the limited
friction between the two surfaces. The grooves were 2.5 mm apart and were formed using a CNC
milling machine as shown in Figure 4-6d.
The shear tab was cut from a 19-mm thick steel plate with a tensile strength of 448 MPa.
Holes with a 27-mm diameter were formed using a drill press, Figure 4-6c shows the bolt layout
for the shear tab. The same bolt layout was drilled on the web of the I-beam. The end plate and
shear tab were then welded together to form the connection assembly (Figure 4-6e).

Figure 4-6. Manufacturing of the connection including a) cutting pipe to form curved end plate, b)
drilling of anchor bolt holes, c) measuring shear tab and end plate prior to welding, d) cutting groves on
concave surface of end plate, and e) measuring welded shear tab.
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4.4.6 Anchor Types
4.4.6.1 Expansion Anchors
The connectors used in the study were HSL-3 M16/50 heavy-duty expansion anchors
manufactured by Hilti. The anchors work by wedge action that is torque-controlled. They are
designed for high performance in static and dynamic applications including the tension zone of
concrete structures that are prone to cracking. The anchors have carbon steel components. The
strength of the individual components are noted in Figure 4-7. The expansion anchor bolts have a
fixed length. This prevents extending the anchor further into the concrete core to achieve larger
capacities.

Figure 4-7. Components of expansion anchor and material properties.

4.4.6.2 Adhesive Anchors
The adhesive anchors used in this study used a specialty epoxy and high strength threaded anchor
rods. The adhesive is HIT-RE 500-V3 which is an ultimate performance epoxy mortar for rebar
connections and heavy anchoring manufactured by Hilti. The threaded rods used were HAS-E-B
with a 19-mm diameter. This anchoring system is noted for applications of beam to column
connections and has better performance in shorter embedment depths compared to other market
leading adhesive anchors. The adhesive, dispenser, and threaded rod used are shown in Figure 4-8.
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As the embedment depth of the expansion anchors was fixed, the threaded rods in the adhesive
connection were chosen to have an embedment length that corresponded to a comparable pull-out
capacities. Spherical washers were placed under the nut prior to tightening to account for any
misalignment in the threaded rods.

Figure 4-8. Components of adhesive anchor and material properties.

4.4.7 Mounting the Connection and I-beam
Prior to mounting the end plate to the FRP shell, holes for the anchor bolts were drilled in the
CFFT columns. The end plate was attached to the column using ratchet straps to act as a guide for
the drills. First, the portion of shell in the bolted area was removed using a diamond grit hole saw.
Then a hammer drill was used to penetrate the concrete core using the bits which ensures the
diameter and depth requirements per the manufacturer’s installation instructions for both anchor
types. The process of coring holes in the column and a view of the final hole pattern are shown in
Figure 4-9.
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Figure 4-9. Drilling holes for anchor bolts in CFFT columns including a) removing FRP shell with hole
saw, b) using hammer drill to core holes, and c) measuring final connection pattern on column.

The installation of the anchor bolts varied by connector type. Both connectors required the
holes to be cleaned prior to installation with a brush and blow-out pump. For the adhesive anchors,
the two-part epoxy was placed in the drilled holes using the dispenser and nozzle purchased from
the anchor manufacturer (Figure 4-12b). The threaded rods were placed in a plywood form to ensure
the proper placement in the holes throughout curing. The assembly was then placed in the adhesive
filled holes and allowed to cure. Prior to testing, the connection assembly was mounted on the
anchors and the nuts were tightened to the installation torque defined in Table 4-1.

Figure 4-10. Installation of adhesive anchors including a) formwork for threaded rods, b) epoxy dispenser
applying adhesive in anchor bolt holes, and c) final assembly of installed anchors during curing.
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The expansion anchors had a simpler installation procedure than the adhesive anchors. Due
to the lack of epoxy application, the expansion anchors do not require any curing time or a separate
form. The bolts were gently hammered into the drilled holes and tightened using a torque wrench
(Figure 4-11). The installation torque varied between the two expansion anchor specimens, and the
values are shown in Table 4-1.

Figure 4-11. Installation of expansion anchors including a) placing bolts and b) tightening anchors using
torque wrench.

The final step in assembling the setup was attaching the steel I-beam to the shear tab. This
was accomplished using 25-mm bolts with a tensile strength of 1034 MPa. The bolts were
tightened to be slip critical using direct tension indicator washers. The process of mounting the Ibeam is outlined in Figure 4-12. After mounting, the beam and shear tab were covered in a white
wash to show any sign of yielding during testing.
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Figure 4-12. Mounting I-beam including a) aligning the bolt holes on the shear tab and web plate, b)
tightening the web bolts, c) confirming bolt pretension with direct tension indicator washers.

4.5

Test Procedures and Instrumentation

The instrumentation schematic for the connection tests is shown in Figure 4-13. A 1112 kN
hydraulic load ram was mounted to the center of the loading beam and used to apply axial load to
the to the connection. A tilt saddle (spherical bearing) was attached to the load ram to account for
the rotation of the I-beam attached to the connection during testing. A needle valve was used to
accurately apply a quasi-static loading to the connection. The load was measure by pressure
transducers attached to the hydraulic load ram. Five string potentiometers were used to measure
the global displacement of the test set up. Three of the potentiometers were mounted on plywood
559-mm apart to measure the displacement and rotation of the CFFT column as the connection
was loaded. The remaining two potentiometers were mounted on the strong floor and attached to
either side of the loading beam to measure any rotation of the loading beam throughout testing.
Nine traducers were used to measure the local displacements of the connection. The
vertical displacement of the steel I-beam connected to the shear tab was measured using five
displacement transducers at three locations along the length of the beam. The two sets of
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transducers closer to the column had one transducer on either side of the beam to measure rotation
of the beam about the web. The two pairs of transducers had strokes of 25 mm and the transducer
measuring displacement at the beam end had a stroke of 50 mm. An additional 25-mm stroke
transducer was placed under the curved end plate to measure vertical slip between the end plate
and column face. The relative separation of the connection from the column was measured by two
cantilever transducers with a 10-mm measurement capacity on either side of the end plate.
Aluminum rods were glued to the column face to extend the surface to reach the tip of the
transducer. The relative slip between the shear tab and the web of the rolled I-beam was measured
with an additional 10-mm displacement capacity cantilever displacement transducer. Another 10mm displacement capacity transducer was used to measure the separation between the end plate
and top flange of the steel beam.

Figure 4-13. Instrumentation plan for connection tests.

Prior to loading, the tie rods anchored in the strong floor were pretensioned to prevent
detachment of the loading beam from the spacer beam on top of the CFFT column during testing.
In the first cycle, the specimens were loaded to 45 kN to ensure a full engagement of the test setup.
The specimens were loaded to 111 kN in the second cycle and loaded in increasing force-controlled
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intervals of 111 kN in subsequent cycles. All cycles were unloaded to 0 kN. Loading continued
until pull-out of the anchors dictated that the specimen had reached ultimate capacity.
4.6

Experimental Results and Discussion

4.6.1 Failure Modes for Test Specimens
The experiments were terminated when the capacity of the connection had been reached, which
was indicated by the pull-out of the top anchors. All specimens experienced a gradual failure, with
no sudden drop in load. Figure 4-14 shows each test specimen at the peak load of the final loading
cycle.

Figure 4-14. Views of a) Expansion 1, b) Expansion 2, and c) Adhesive 1 specimens at peak load during
final loading cycle.

The failure of each connection was governed by pull-out of the top two anchors. It is
evident from Figure 4-14 that the specimens with expansion anchors exhibit substantially larger
separation between the end plate and the column compared to the specimens with adhesive
anchors. This behavior was anticipated due to the rigid nature of the epoxy-threaded bar
interaction. Pull-out of the adhesive anchors included both the epoxy and the threaded rod,
suggesting that the bond break between the epoxy and concrete is the limiting factor in the capacity
of this connection type.
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4.6.2 Load-Beam End Displacement Relationships
The half-cyclic load-beam end displacement responses are shown in Figure 4-15 for all specimens.
The Expansion 1 and Adhesive 1 curves show a distinct change in slope at the yield point. This
slope change is due to the change in force associated with overcoming the clamping force caused
by pretensioning the bolts. However, the Expansion 2 test has a gradual change in slope. It is
anticipated that the wedge action from the higher installation torque caused cracking in the
concrete. Thus, prior to loading, the specimen had already experienced cracking of the core,
resulting in a lower initial stiffness. As the concrete is cracked, the post-yield stiffness of the
connection is dictated by the FRP shell, which prevents the break out failure of the concrete. No
distinct change in slope was observed due to the separation of the end plate and FRP shell as the
shell bulged with the concrete as the connection was loaded.
The Expansion 2 results confirm that if cracks form in the concrete core at any point during
loading, the shell is able to resist the load demand, but has a softer load-displacement response.
Therefore, the connection can still reach targeted load carrying capacities if the stiffness of the
shell is adequate to provide confinement to the concrete core. However, if a similar connection
detail was installed on a conventional RC column, there would be no resistance after significant
cracking due to a breakout failure of the concrete. This also suggests that the embedment depth of
the anchor is pivotal to the response of the connection, as deeper embedment lengths will
correspond to larger capacities.
The peak loads for the Expansion 1, Expansion 2, and Adhesive 1 connections were 433,
662, and 512 kN, respectively. This suggests that larger installation torques result in higher
capacities, even if the pretension force results in cracks in the concrete core. However, due to the
adhesive anchor failure mechanism of pull-out of the epoxy, the pretension torque must result in a
tensile force lower than the bond break force. As such, going beyond the defined installation torque
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will result in higher capacities, but a check must be conducted to ensure that additional failure
modes are not activated.

Figure 4-15. Load-displacement relationships for specimens a) Expansion 1, b) Expansion 2, and c)
Adhesive 1.

The load-displacement backbones for each of the specimens are shown in Figure 4-17. The
distinct variations in initial stiffness between the three specimens further confirms the formation
of cracks in the Expansion 2 test are due to the installation torque. Despite the lower stiffness, the
Expansion 2 test reached a significantly higher peak load. The results from the Expansion 2 test
indicate that the FRP shell effectively prevents a breakout failure of the concrete core and the
cracking of the concrete does not have a notable negative impact on the overall performance of the
connection.
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Figure 4-16. Load-displacement backbones

4.6.3 Load-End Plate Displacement Relationships
Figure 4-17a shows the amount of vertical slip of the end plate throughout loading for each
specimen. The results show that substantial slip occurs between the end plate and column surface,
with each specimen experiencing more than 5 mm of vertical displacement. The back of the end
plate had grooves which allowed the end plate to penetrate the FRP shell. The grooves were
intended to slightly penetrate the shell on the onset of loading, and later restrict larger
displacements in the consecutive loading cycles. However, observation of the column surface after
the end plate is removed (Figure 4-18), suggests that the groves may have penetrated the shell and
scraped off the permeated thickness of the shell. This finding warrants further investigation on the
design of the end plate details and the interaction of the end plate and the column. Future analytical
or experimental studies are required to evaluate how much of the shear load was carried by the
friction between the shell and end plate.
The load-base plate separation response for each specimen is shown in Figure 4-17b. The
Expansion 2 test exhibits the stiffest response in the load-base plate separation graph. In the
Expansion 2 test the relative displacement between the shell and the end plate is smaller as the
shell bulges with the concrete, which justifies the stiff behavior of the specimen.
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Figure 4-17. Load-end plate displacement relationships for a) vertical slip and b) base plate separation.
a)

b)

Figure 4-18. Surface of CFFT column after removing end plate showing a) full end plate region and b)
close up of compression zone.

4.6.4 Moment-Rotation Relationships
The moment-rotation responses for each of the tested specimens are presented in Figure 4-19a. The
results confirm that using adhesive anchors, or a higher pretensioning force for the expansion
anchors, results in lower rotations at comparable moments. The resulting bilinearized curves are
shown in Figure 4-19b. The moment rotation curves were used to calculate the stiffness of the
connections according to AISC 360-16 [26]. The stiffness of the connections were calculated using
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bilinearization as shown in Figure 4-20. Elastic-plastic bilinearization for moment rotation
relationships.. The stiffness of the connections, Ks, corresponds to the elastic slope of the elastic-

plastic bilinearized moment rotation curve. The Expansion-1, Expansion-2, and Adhesive-1
specimens had stiffnesses of 14,300, 6,670, and 13,400

𝐾𝑛−𝑚
𝑟𝑎𝑑

, respectively. The connection

stiffness can be combined with the length of the beam, L, and the bending rigidity, EI, to determine
the fixity of the connection. If KsL/EI ≤ 2, it is can be considered as a simple connection. The
calculated ratios for the Expansion-1, Expansion-2, and Adhesive-1 specimens were 1.04, 0.48,
and 0.97, respectively. These values confirm that all of the connection assemblies perform as
simple connections.

Figure 4-19. Moment-rotation relationships.
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Figure 4-20. Elastic-plastic bilinearization for moment rotation relationships.

4.7

Capacity Estimation

In order to extend the application of CFFT and HCFFT columns in construction, design guidelines
for estimating the capacity of beam to column connections are required. To this end, a method for
estimating the capacity of this connection type is suggested. The capacity estimations provided by
Hilti for various failure modes of anchor bolts are evaluated. The Hilti guides include many factors
which reduce the capacity to ensure the estimate is conservative. However, failure modes such as
break out and safety factors for edge distance do not need to be included due to the confinement
provided by the FRP shell.
For the capacity estimation, the end plate is assumed to be flat, with the same height and
width as the curved end plate. Capacity estimations are only proposed for the Expansion 1 and
Adhesive 1 tests, as the Expansion 2 tests had the additional interaction of the bulging of the
concrete. The methodology for calculating the capacity of both systems is based on the plastic
limit state of the bolted connection. The first step in this process is to determine the plastic neutral
axis (PNA) based on force equilibrium as shown in Equation 4-2.
𝑛

𝑏𝑒 𝑦̅𝑝 𝐹𝑏𝑝 = 𝑛𝑟 ∑ 𝐵′𝑛𝑡

Equation 4-2

𝑖=𝑗

where 𝑦̅𝑝 is the distance from the bottom edge of the compression zone to the PNA, 𝑗 is the number
of the first row of bolts immediately above the PNA, 𝐹𝑏𝑝 is the nominal bearing pressure for
bearing of the plate, 𝑏𝑒 is the effective width of the bearing plate, and 𝐵′𝑛𝑡 is the nominal strength
associated with the tensile failure mode of the bolt. 𝐵′𝑛𝑡 is commonly related to the tensile strength
of the bolt; however, with this connection detail the failure mode is pull-out of the anchor.
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Therefore, the pull-out capacity for a single anchor bolt should be used. However, future
connection designs must check additional failure modes, such as yielding. A schematic showing
the end plate under the plastic limit state is show in Figure 4-21.

Figure 4-21. Variables for plastic limit state for connection.

The values for the pull-out capacities of the anchors can be found in the Hilti product
technical guide [98]. The design tables include a safety factor of φ = 0.75 for tension. As such, the
capacities from the tables were divided by this factor in order to be compared to the experimental
data. This resulted in unfactored capacities of 55.6 kN and 83.27 kN for the expansion and adhesive
anchors, respectively and corresponding PNA locations of 4.2 mm and 6.3 mm. The next step is
finding the moment which corresponds to the plastic limit state of the connection using Equation
4-3.
𝑛

1
𝑀𝑝 = 𝑏𝑒 𝑦̅𝑝 2 𝐹𝑏𝑝 = ∑ 𝑛𝑟 𝐵 ′ 𝑛𝑡 (𝑑𝑖 − 𝑦̅𝑝 )
2

Equation 4-3

𝑖=𝑗

By using this formulation and dividing the resulting moment by the distance from the
loading point to column face, the theoretical capacities for the Expansion 1 and Adhesive 1
connections are 359 kN and 534 kN. The maximum loads reached in the Expansion 1 and Adhesive
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1 tests are 433 and 512 kN, respectively. The estimated capacity for the Expansion 1 test is
underpredicting as the embedment depth was greater than that noted in the table. For Adhesive 1,
the estimated value was higher as the table value was based on a concrete strength of 41.4 MPa
and the concrete in the experiments only reached 39.0 MPa. The good correlation between
experimental and theoretical results shows this is an effective method for determining the capacity
of the proposed steel beam to CFFT column connection. Additional experimental and analytical
studies are needed verify the accuracy of this approach for other bolt patterns and embedment
lengths.
4.7.1 Comparison of Capacity and Demand
The capacity of the connection was then compared to a theoretical demand from an office lobby
with an 8.4 m x 8.4 m bay. The dead load included the weight of a concrete slab, walls and utilities.
The live load was based on the function of the building as an office lobby. The factored demand
from the dead load and live load on the connection was calculated as 325 kN.
This factored demand can then be compared to the capacity of the connections. The
reduction factor of 0.9 for tension failure must be applied to the values. The resulting factored
capacities for the Expansion 1, Expansion 2, and Adhesive 1 connections are 390, 596, and 461
kN, respectively. This shows that each of the connections is able to withstand the force demands,
which suggests this connection is a feasible option for this structure type.
4.8

Summary and Conclusions

This study aims to address the knowledge gap in the performance of beam to column connection
details for CFFT columns. This phase of the research proposes a shear connection for a circular
CFFT column and a steel I-beam. The connection consists of a curved end plate with a shear tab,
which is attached to the CFFT using commercially available anchor bolts. Three connection details
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were tested that varied based on anchor type and installation torque. Both adhesive and expansion
anchor bolts were studied to investigate different resistance mechanisms and methods of
installation. Based on the experimental results of this study, the following conclusions are drawn:
1. All three of the connection specimens were able to achieve high shear capacities, which
suggests they are a feasible option to connect steel beams with CFFT columns in gravity
frame buildings.
2. The expansion and adhesive anchoring systems are comparable in cost. However, the
expansion anchors are significantly easier to install and require fewer tools, which
improves constructability.
3. All specimens exhibited gradual failure which was dictated by the pull-out of the top-most
anchors. For the adhesive anchor test, pull-out included both the epoxy and the threaded
rod, suggesting that the bond break between the epoxy and concrete is the limiting factor
in the capacity of this connection type. Failure modes for deeper embedment lengths and
methods of roughening the drilled anchor hole must be investigated separately.
4. A method for estimating the capacity of the connection details was proposed and compared
to the experimental results. The values were in good agreement. This verifies that for
anchored connections in CFFT columns, the break out failure mode and reduction factor
for edge distance do not need to be evaluated due to the confinement provided by the FRP
shell.

90

5 Design and Construction of Large-Scale HCFFT Columns
5.1

Overview

The goal of the large-scale experiment is to evaluate the performance of HCFFT columns under
cyclic lateral loading with a constant axial load to simulate seismic loading. The effect of single
and double curvature can be indirectly studied by testing two different column heights. This phase
of the research presents the methodology for determining the design capacity of HCFFT members
using OpenSees. The design considerations for an experimental study of the large-scale
performance of HCFFT columns under simulated seismic loading are noted. The construction of
the footing and columns are presented. It is anticipated that presenting the design of the
experimental test setup will inform future lateral loading studies on CFFT and HCFFT columns.
5.2

Introduction

The application of CFFT columns in seismically active regions has been widely studies in the past.
Previously, researchers investigated the response of the CFFT system under cyclic lateral loading
with constant axial load, by altering fiber orientations, shell thicknesses, and internal
reinforcements. Shao and Mirmiran [21] showed that energy dissipation is correlated to the
orientation of fibers and the inter-laminar shear in the FRP shell. The effect of fiber angle was also
studied by Shi et al. [22]. In the study conducted by Shi et al., two different fiber orientations were
considered for manufacturing of the FRP shells, ±55° or bidirectional (±0/±90). It was found that
columns with fibers oriented at ±55° resulted in larger flexural capacities compared to the columns
with bidirectional fibers. Many researchers concluded that the thickness of the FRP shell is directly
proportional to the confinement provided to the concrete core. Thus, increasing the thickness of
the FRP shell increases the strain and lateral drift capacity [20,21,99]. However, if the tubes become
over-reinforced, there is a possibility of a brittle failure. The relationship between the conventional
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rebar reinforcement in the concrete core and the seismic behavior of the CFFT has also been widely
studied. In general, the addition of internal reinforcement improves energy dissipation, ductility,
and lateral drift capacity [21,25,99,100].
Simulating seismic loading is a common approach for evaluating the performance of
internally reinforced CFFTs. This phase of the research aims to present the design of an
experimental test setup for the evaluation of HCFFT columns by adapting a similar approach. The
design considerations for the experimental test setup and the methodology for determining the
capacity of the test specimens are presented in subsequent sections.
5.3

Capacity Estimation of HCFFT Columns using OpenSees

The capacity of the HCFFT specimens was found using moment curvature analyses conducted in
OpenSees. The analysis was conducted on 406-mm diameter HCFFT columns and axial loadbending moment relationships were calculated. Two reinforcement ratios, 0.5% and 1%, were
evaluated. The material properties used in the simulation were calibrated based on material
testing and are discussed in the following section.
5.3.1 Material Properties in OpenSees
5.3.1.1 FRP Tube
Tension and compression tests previously conducted on 152.4-mm filled FRP tubes were used to
validate the analytical FRP material model and column model [101]. The tension specimens were
filled with aluminum rings with an outer diameter equal to the inner diameter of the tube to
simulate the effect of the concrete core. The aluminum rings had a length of 25.4-mm and were
used to simulate cracked concrete under tension and allow the tube to strain uniformly. Aluminum
rings were used in place of concrete to reduce the weight of the tension specimens, simplifying the
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experimental set up. The compression specimens were filled with normal strength concrete. The
results of the tension and compression tests were used to calibrate a tri-linear backbone curve
representative of the longitudinal behavior of the FRP tube. The experimental results showed the
response of the tube differs in tension and compression, therefore, an asymmetric backbone curve
was defined. The resulting relationship (Figure 5-1) was assigned to the OpenSees uniaxial
material, “Hysteretic”.

Figure 5-1. Stress-strain response for FRP material from experimental and analytical results.

5.3.1.2 Steel Fiber Reinforcing
The steel reinforcement in the shell is continuous unidirectional (UD) stainless steel fibers, which
was also used in this research for construction of the bending specimens. Single fiber tension tests
were conducted on the fibers to enable validation of the steel analytical model. Steel-fiber epoxy
composites were also tested to ensure the stress-strain behavior of the steel was comparable within
a composite. The composite coupons were manufactured using a hand lay-up technique. The
stress-strain curve for the steel in the composite was generated using the rule of mixtures. The
stress-strain values were applied to the OpenSees uniaxial material “Steel02”, developed to capture
isotropic strain hardening. Figure 5-2 shows the steel behavior from the single fiber tests,
composite test, and OpenSees model.
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Figure 5-2. Stress-strain relationship for steel fibers from testing and model.

5.3.1.3 Concrete Core
The material properties of the concrete used in the 152.4-mm compression tests were used for
calibrating the concrete material model. The experimental CFFT and HCFFT specimens were cast
from the same batch of concrete with a maximum aggregate size of 9.525-mm. The 28-day
concrete strength was 35 MPa. The confined concrete was modeled using the refined stress-strain
model for FRP-confined concrete developed by Teng et al. [76]. The test day compressive strength
of 36.5 MPa was used as the unconfined compressive strength in the confinement model. The FRPconfined concrete stress-strain relationship was applied to the OpenSees uniaxial material
“Concrete02”. The finalized FRP-confined concrete material model from OpenSees is compared
with the Teng et al. confinement model in Figure 5-3.
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Figure 5-3. Stress-strain relationship for concrete.

5.3.1.4 HCFFT Column
The individual material models were used to develop an analytical model for HCFFT columns.
The analytical model was subjected to the displacement recorded during the compression tests.
The backbone curve of the analytical force-displacement response is compared to the experimental
results in Figure 5-4. The good agreement between the experimental and analytical results for both
the axial tests as well as the previously reported bending tests shows that the OpenSees fiberelement model is able to capture the performance of the HCFFT system.

Figure 5-4. Experimental vs analytical load-displacement response of the HCFFT column under axial
compressive loading.
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5.3.2 Moment-Curvature Relationships
The moment-curvature relationship was determined using OpenSees for an HCFFT column with
a 0.5% reinforcement ratio. The effect of varying the axial load was investigated, with the results
provided in Figure 5-5. The axial load index (ALI) is defined as the compressive load divided by
the product of the gross cross-sectional area and the unconfined concrete compressive strength.
The moment-curvature relationships demonstrate the ductility of the system. The increased
ductility and energy dissipation provided by the system make it a compelling choice for structures
in areas subjected to extreme loadings such as earthquakes.

Figure 5-5. Moment curvature relationship for HCFFT with 0.5% reinforcing steel.

The moment-curvature relationships were then used to generate axial load-bending
moment interaction curves for both the maximum moment and the yield moment. Maximum
moments and yield moments were obtained from the bilinearization of the moment curvature
relationships. An elastic-plastic bilinearization with post-yield hardening was used to capture the
large post-yielding slope of the moment-curvature relationship as shown in Figure 5-6.
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Figure 5-6. Elastic-plastic bilinearization for moment curvature relationships.

5.3.3 Axial Load-Bending Moment Interaction Curves
The axial load-bending moment interaction curves are provided for both maximum moments and
yield moments to allow designers to better understand the behavior of the system. The axial loadbending moment relationships based on ultimate moments and yield moments are shown in Figure
5-7 and Figure 5-8, respectively. The ultimate load conditions were used for the design of the

experimental specimens. The curves follow a similar shape to that of conventional RC columns,
which suggests effectiveness in resisting axial and bending loads. As anticipated, increasing the
quantity of steel reinforcement the shell results in increases in both axial load capacity and moment
capacity.
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Figure 5-7. Axial load-ultimate moment interaction relationships for varying reinforcement ratios.

Figure 5-8. Axial load-yield moment interaction relationships for varying reinforcement ratios.

5.4

Design of Experimental Setup

5.4.1 Design of HCFFT Columns
The main driver in the design of the columns was the capacity of the actuator. The actuator used
in this study had a stroke of 508 mm and a capacity of 445 kN. This actuator was chosen due to
the long stroke, which made it possible to apply large drifts to the columns. The column heights
were chosen based on a series of considerations. Two columns were designed with the height of
one specimen being twice the height of the other. This design was chosen to enable investigation
into the effect of single and double curvature. Additionally, having a short column allows for the
performance of the column system under high shear force to be studied. The tall column was
designed to have a target drift ratio of ±10%. This drift ratio was targeted to demonstrate the
suitability of the system under seismic loading where columns experience high drifts.
Given the above performance targets, the height and diameter of the columns were
determined. This resulted in HCFFT columns with a diameter of 427 mm and heights from the
top of the footing to the loading point for the tall and short column of 2184 mm and 1067 mm,
respectively. The reinforcement ratio of 0.55% was selected to stay within the capacity
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requirements for the actuator. The results from the P-M curves previously presented were used to
verify the proposed design remined within the allowable capacity range. The axial load was chosen
as 100 kip, which corresponds to an ALI of approximately 10%, consistent with the average axial
load experienced by a bridge column [23]. The rendering of the proposed experimental setup is
shown in Figure 5-9. The details of the column specimens and test setup are shown in Figure 5-10
and Figure 5-11. The rational for including the steel beams to clamp the footing to the strong floor
as well as load the cap beam are discussed in the following section.

Figure 5-9. Rendering of experimental test setup.
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Figure 5-10. Details of the HCFFT specimens.
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Figure 5-11. Details of the test setup with CFFT columns and heights to center line loading points.

5.4.2 Geometric Constraints
Steel beams were used to clamp the footing to the floor due to the spacing of the floor bolts. The
floor bolts are in clusters of four and in a grid pattern with 1.22 meters between each cluster. Each
floor bolt has a capacity of 222 kN. The capacity of the proposed test specimens requires tying
into all four bolts in the cluster to ensure the tie rods remain elastic. In order to tie into four sets of
bolt clusters without having an oversized footing was to span the footing with a rigid member and
tie the rigid member to the floor, effectively clamping down the footing. This design also allows
for more tolerance in the placement of the footing with respect to the floor bolts and actuator,
simplifying the construction when compared to constructing through holes in the footing for the
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tie rods. The beams over the footing also provided a place to anchor the axial load rods, which
will be discussed in the following section. Two steel beams were placed on either side of the cap
beam to simplify the construction of the cap and provide an attachment mechanism for the actuator.
5.4.3 Application of Axial Load
The axial load for the column will be applied by placing a spreader beam over the column assembly
and tightening four rods, which connect the spreader beam to the beams clamping the footing. To
ensure an accurate load, a load cell will be placed under a spherical bearing on the underside of
the spreader beam. The spherical bearing will allow for the beam to readjust to ensure the load is
distributed evenly to the rods.
Typically, specimens tested under cyclic lateral load and constant axial load experience
variation in the axial load throughout testing due to the large lateral displacements of the column.
To account for this, disc springs will be included in the axial load rod stack up. The advantage of
using a disc spring is that a high force may be generated in a very short spring length and there is
minimal movement when compressed. Inverting the springs provides twice the displacement
capacity while nesting the springs provides twice the load capacity. As such, the stack up can be
designed to meet a determined load and deformation targets. It is anticipated that this spring action
will allow the axial load to remain more constant by providing some flexibility to the rigid system.
The disc springs were tested under cyclic compression to ensure the response was repeatable. The
results for the tests are shown in Figure 5-12. The tests show that the spring behaved as anticipated
and were accurate up to 125% of their working load.
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Figure 5-12. Load-displacement responses for disc springs.

5.4.4 Design of Footing and Cap Beam
For the HCFFT column to concrete footing connection, a socket connection was chosen for ease
of construction. UHPC was chosen to fill the socket to ensure a strong bond between the footing
and column. The embedment depth was chosen based on previous research studies to ensure a full
moment connection at the base. Haraldsson et al. [102] showed that the seismic performance of
pocket connections with an embedment depth ratio of 1.1 to the column diameter performed as
well as a cast in place system. As such, this ratio was adopted for the HCFFT system, which
resulted in an embedment depth of 470 mm for a column diameter of 423 mm. The footing was
designed to essentially remain elastic. The footing size was 3048 x 1676 x 686 mm. The
reinforcement for the footing was over designed to ensure the elastic behavior. Additional
longitudinal reinforcement was placed in the top layer to resist the splitting force of the embedded
part of the FRP column. The general layout for the footing with the socket connections is shown
in Figure 5-13. Ribs were included in the socket to provide a mechanical connection between the
RC footing and UHPC fill. The reinforcement design for the footing is shown in Figure 5-14 and
Figure 5-15. The cap beams for each of the column specimens were the same. All reinforcement
in the cap beams in #4 bars. The reinforcement design is shown in Figure 5-16.
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Figure 5-13. Overview of general layout of footing.
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Figure 5-14. Overview of rebar design in footing.
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Figure 5-15. Top and bottom layers of reinforcement for footing.
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Figure 5-16. Reinforcement details for cap beams.

5.5

Construction of Experimental Setup

5.5.1 Construction of Hybrid Shell
For this study, National Oilwell Varco Fiber Glass Systems manufactured the hybrid composite
tube by filament winding. The same process used for the bending specimens was adapted for the
large-scale specimens. The filament winding process is shown in Figure 5-17.

Figure 5-17. Filament winding of the FRP tube.

The hybrid FRP shell is formed by adding layers of longitudinal steel fibers during the
filament winding manufacturing of the tube. The mandrel and fiber carriage are paused, and the
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fibers are draped over the tube and flattened by hand (Figure 5-18). After the fibers have been
added, additional epoxy resin is painted over the steel fibers, and the filament winding procedure
is continued (Figure 5-19). This allows the resin from the glass to be absorbed into the steel layer.
As the steel layer is very thin, the winding sequence is not disrupted. This process is repeated until
the desired number of steel and glass layers has been reached.

Figure 5-18. Inclusion of steel fibers during filament winding procedure.

Figure 5-19. Continuation of filament winding following application of steel reinforcing.

5.5.2 Construction of Footing and Cap Beams
Due to the complex rebar work, a contractor was hired to construct the footing. The first step in
the construction process was to construct the outer form (Figure 5-20a). Next, the bottom rebar was
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placed (Figure 5-20b). The rebar work for the footing was challenging due to the tight tolerances.
After the bottom mat was installed, the top rebar and diagonal splitting reinforcement was placed.
The top reinforcement needed to be held up using plywood until the locations were finalized and
the bars were tied together (Figure 5-20c). The final step was including hooks to connect the bottom
and top reinforcing layers to provide shear reinforcement (Figure 5-20d).

a)
c)

b)
d)

Figure 5-20. Construction of footing showing a) formwork, b) placement of bottom layer of
reinforcing, c) placement of top layer of reinforcing, and d) stirrups.
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The sockets in the footing were formed using a Sonotube. Foam strips were added around
the outer edge of the form to create ribs, which provide a mechanical connection between the RC
footing and grouted fill. An image of one of the socket forms is shown in Figure 5-21a. Plywood
caps were added to the top and bottom of the socket forms to prevent concrete from entering the
hollow section. The plywood at the top of the form was used to secure the forms to the formwork
to prevent movement during casting. A view of the finalized rebar layout and installed socket
forms is shown in Figure 5-21b.

b)

a)

Figure 5-21. Construction of socket showing a) the form and b) the form installed in the footing.

The columns were cast integrally with the cap beam. The rebar cages for each column
were constructed and then placed in the cap formwork. An image of the rebar cage used in the
cap beams is shown in Figure 5-22a. The FRP shell in the formwork prior to casting is shown in
Figure 5-22b.
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a)

b)

Figure 5-22. Construction of cap beam including a) rebar cage and b) formwork and shell prior to
casting.

5.5.3 Casting of Specimens
The footing, FRP shells, and cap beams were cast at the University of Connecticut Structures
Laboratory using the same batch of ready-mix normal strength concrete from a local supplier. The
design strength was 31.0 MPa and the maximum aggregate size was 19 mm. The concrete was
placed in a hopper from the mixing truck (Figure 5-23). The hopper was then lifted with the crane
to fill the various components. The concrete was vibrated during casting (Figure 5-24a). After
casting, the surfaces were smoothed with a trowel (Figure 5-24b). The final view of the specimens
after casting is shown in Figure 5-25. The views of the footing and columns after demolding are
shown in Figure 5-26 and Figure 5-27, respectively.

111

Figure 5-23. Filling of hopper with concrete during casting of large-scale specimens.

a)

b)

Figure 5-24. Casting footing concrete including a) vibrating the concrete and b) finishing the surface
using a trowel.
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Figure 5-25. Final view of specimens after casting.

Figure 5-26. View of footing and socket after demolding.
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Figure 5-27. View of tall and short columns after demolding.

5.5.4 Grouting Socket Connection
Once the columns were cured and the footing was demolded, the columns needed to be placed in
the socket connections. This was accomplished using the crane (Figure 5-28). The columns were
aligned using a laser level on both faces to ensure the column was perpendicular to the footing and
actuator. Once the columns were aligned, spacer blocks were placed along the edge between the
column and top of footing to ensure the column would not move during casting. Once the columns
were secure, the socket was filled with UHPC (Figure 5-29). UHPC was chosen for its high strength
and superior bond characteristics. A final view of the test setup after the UHPC cured is shown in
Figure 5-30. The specimens are anticipated to be tested during Summer 2019.
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Figure 5-28. Placement of columns into sockets using crane.

Figure 5-29. Filling of socket with UHPC.
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Figure 5-30. Final view of lateral load test setup.

5.6

Summary and Conclusions

This phase of the research proposes a methodology to design HCFFT columns and provides axial
load-bending moment interaction curves for HCFFTs with 0.5% or 1.0% reinforcement ratios. An
experimental design for a simulated seismic loading test is proposed. This design gives an
overview of testing equipment requirements and provides suggestions for column dimensions and
the design of the footing. The construction process for the experiments is outlined. Future research
is required to evaluate the proposed column designs and capacity estimations. Future experimental
data is needed to verify the modeling methodology. Once the modeling methodology is verified
using large-scale specimens, it may be used to generate more refined capacity formulations for
HCFFT columns. It is anticipated that this phase of the research will inform future studies largescale studies on novel column systems.
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Appendix A – Raw Experimental Data
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